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ABSTRACT  
   
Geochronology and thermochronology are valuable tools for investigating the 
synergy between the deformational and erosional processes that shape mountainous 
terrains. Though numerous techniques have been developed to probe the rate and timing 
of events within these settings, the research presented here explores how scientists can 
use fewer samples to produce richer data products with broader contextual importance.  
The beginning of this compilation focuses on establishing laboratory techniques 
to facilitate this goal. I developed a novel laser ablation ‘double dating’ (LADD) 
technique that rapidly yields paired U/Pb and (U-Th)/He dates for the accessory minerals 
zircon, titanite, and apatite. The technique obviates the need for geometric corrections 
typically applied during (U-Th)/He data reduction, enables the analysis of a broader 
spectrum of detrital crystals, and provides the opportunity for additional mapping and 
isotopic analyses that are traditionally challenging to procure and/or fraught with 
assumptions. Despite the technique’s promise, I also found it essential to weigh several 
considerations of relevance when attempting to date young (≤ Miocene) accessory 
minerals with low concentrations of U + Th. Consequently, I discuss the impact that such 
variables have on the magnitude of analytical imprecision and the data’s flexibility for 
geologic interpretation.   
Beyond the lab, I collected a suite of bedrock and detrital samples from small 
catchments draining the southeastern Sierra Nevada mountains of California. Using the 
techniques described above as well as conventional methods for (U-Th)/He zircon dating, 
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I compared the utility of both bedrock and detrital approaches for extrapolating local 
exhumation histories. I additionally tested the ability to employ detrital datasets to 
extrapolate cooling histories that span from mineral crystallization to rock exhumation 
through the upper crust. Employing principal mode dates from a combination of zircon 
and apatite LADD dates and detrital hornblende 40Ar/39Ar dates, I was able to derive 
thermal models that demonstrate the existence of significant variability in the cooling 
histories of various intrusive units along the eastern Sierra Nevada. While these results 
only scratch the surface of what’s possible within the realm of detrital-based research, 
this contribution demonstrates the utility of expanding the temporal and spatial scope of 
traditional detrital methodologies.  
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CHAPTER 1 
INTRODUCTION 
1. Motivation 
Many of the key questions driving modern geoscience probe the intersection of 
multiple processes and their complex, symbiotic relationships. The interconnectivity of 
lithosphere-shaping processes can be especially complex in large and/or active orogenic 
settings, where they can be notably variable both spatially and temporally. In these cases, 
geochronology and thermochronology are valuable tools that can be implemented to 
evaluate and constrain variations in the relationship among the climatic, erosional, and 
thermo-dynamic processes that shape mountainous terrains. However, developing a 
comprehensive understanding of how these processes interact with one another on a 
regional scale can be a challenging task. Obtaining geographically expansive coverage of 
geochronologic and thermochronologic data can be difficult not only because of the 
(in)accessibility of the terrain, but also because of the expense and time required to 
produce these large datasets. This body of research was inspired by the need for such 
expansive datasets that can serve both as foundational reconnaissance studies as well as 
provide the geographic coverage necessary to construct a holistic understanding of 
orogenic processes on the scale of an entire mountain range. This work has been further 
motivated by the compulsion to ensure that the techniques used for amassing these 
resources yield rich data products that can be robustly interpreted and, ultimately, by a 
curiosity for understanding the evolution of the Sierra Nevada batholith region of the 
North American Cordillera.  
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2. Approach 
While the application of geochronologic techniques for dating detrital minerals 
has been demonstrated to be a valuable means of identifying sedimentary provenance 
(e.g. Fedo et al., 2003; Gehrels, 2012; Kosler, 2012), thermochronologic dating of detrital 
minerals has revolutionized our ability to understand the thermal evolution of their 
hinterland sources (Lonergan and Johnson, 1998; Carrapa et al., 2003; Hodges et al., 
2005; Najman, 2006; Reiners and Brandon, 2006). Over the last several decades, detrital 
thermochronologic data has been creatively utilized to infer the exhumation histories of 
sedimentary source terrains (Cerveny et al., 1988; Copeland and Harrison, 1990; Garver 
and Brandon, 1994; Garver et al., 1999; von Eynatten et al., 1999; Bernet et al., 2001; 
White et al., 2002), reconstruct paleorelief (e.g. Stock and Montgomery, 1996; Braun, 
2002), evaluate spatial and temporal variation in erosion rates (Brewer et al., 2003; Ruhl 
and Hodges, 2005; Duvall et al., 2012; Braun et al., 2018), and identify the specific areas 
eroding within a catchment (Stock et al., 2006; Ehlers et al., 2015; Riebe et al., 2015). 
Other studies have innovated by combining zircon U/Pb geochronology with fission track 
and/or (U-Th)/He thermochronology to ‘double date’ and even ‘triple date’ individual 
zircon crystals, which allows the determination of both sedimentary provenance as well 
as a thermal history for each crystal (e.g. Rahl et al., 2003; Campbell et al., 2005; Reiners 
et al., 2005; Carrapa et al., 2009; Zattin et al., 2012). Though these sorts of multi-dating 
approaches can be robust, they generally rely on combining what could be referred to as 
“conventional” approaches to implement each technique. However, with the relatively 
recent development of laser ablation microanalytical methods for (U-Th)/He 
thermochronology (Boyce et al., 2006), a new approach of integrated laser ablation U/Pb 
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and (U-Th)/He dating of accessory minerals seemed to be a promising opportunity. This 
in mind, we worked to develop such a technique to double date detrital zircon, titanite, 
and apatite crystals.  
As presented originally by Tripathy-Lang and co-workers (2013), implementing 
such a micro-analytical technique provides distinct advantages over conventional 
(U-Th)/He methods, especially for detrital applications. Use of a laser ablation method 
can minimize the effects of alpha injection or redistribution (which can be incurred from 
neighboring crystals or inclusions) as well as obviate the need for alpha ejection (FT) 
corrections (e.g. Farley et al., 1996) and limit the introduction of biases by enabling 
analysis of broken and/or rounded detrital crystals. Other groups have presented 
variations of such laser ablation (U-Th)/He techniques (Vermeesch et al., 2012; Evans et 
al., 2015) following the work of Boyce and coworkers (2006, 2009). In their approaches, 
there is no need for accurate measurements of ablation pit volumes, which we found to be 
a flawed tactic as ablation rate is dependent on a variety of factors that can vary 
substantially between each crystal. Instead, we developed a unique set of protocols that 
rely on volumetric measurements of ablated material in each experiment, which is 
referred to throughout this manuscript as the laser ablation double dating technique, or 
‘LADD’ for short.  
Since many researchers interested in modern fluvial detrital studies are also keen 
to work with material from young, active orogens, as well as to evaluate the exhumation 
of the upper kilometers of crust, we chose not only to develop LADD protocols for the 
higher closure temperature chronometers zircon and titanite, but also for detrital apatite 
as well. While the LADD technique is theoretically applicable to a variety of U + Th 
  4 
bearing accessory minerals, we hypothesized that its implementation for accurately 
dating crystals that have low concentrations of these parent isotopes (such as many 
apatite crystals) or young cooling ages (Miocene and younger) could be challenging. 
Therefore, our experiments were designed not only to assess the viability of the LADD 
technique for dating detrital apatite, but also to evaluate the practical implications of its 
use as well. 
While the development of innovative analytical methods is vital for enhancing the 
richness of the data products that can be extracted from any given detrital sample, key to 
interpreting those results are robustly confirmed hypotheses about how to convert a 
variety of detrital dates into meaningful exhumation histories. Despite the abundance of 
work that has been done developing such hypotheses, many questions remain regarding 
how best to use detrital chronologic data to deduce representative erosion rates, how 
reproducible those results are from one nearby catchment to another, and how effective 
detrital thermochronologic studies are for robustly determining long-term erosion rates. 
There are also lingering fundamental questions concerning how effective detrital studies 
are for robust determinations of exhumation histories compared to the more commonly 
practiced method of using apparent age-elevation relationships from bedrock samples 
collected over some portion of the local relief (e.g. Wagner et al., 1977; Benjamin et al., 
1987; Gleadow et al., 1984; Brown et al., 1991; Fitzgerald et al., 1995).  
In an effort to explore, compare, and appraise the reliability of these two methods, 
we obtained zircon (U-Th)/He dates from both bedrock and detrital samples from small 
catchments in the southeastern Sierra Nevada. Our results showed that deciphering 
exhumation rates from both bedrock apparent age-elevation transects as well as from the 
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cumulative range of detrital cooling ages can be easily hindered by over-dispersed 
bedrock dates, moderately rapid exhumation rates, under-sampling of the local relief, and 
the abundance of assumptions necessary to derive nominal exhumation rates from detrital 
datasets. This lesson in hand, we posited that a different metric – the principle mode of a 
detrital distribution – may enable a more robust calculation of regional exhumation, since 
it is less sensitive to the limiting factors that thwarted our ability to derive reliable 
estimates from our Sierran datasets.   
Armed with this hypothesis, we analyzed more detrital chronometers from those 
same catchments in the Sierra Nevada to constrain a modeled temperature-time (T-t) 
history of local cooling. While the Sierra Nevada have been the focus of much research, 
there remain competing schools of thought on the timing and magnitude of exhumation 
of this orogenic system. Many have argued for kilometers of elevation gain since the Late 
Cenozoic (e.g. Le Conte, 1886; Lindgren, 1911; Huber, 1981) that was either driven 
fundamentally by tectonics (Unruh, 1991; Wakabayashi and Sawyer, 2001; Jones et al., 
2005) or climate (Small and Anderson, 1995). However, low temperature 
thermochronology, oxygen and hydrogen isotope records, and facets of landscape 
morphology have been interpreted as evidence for a high Sierra in the Late Cretaceous 
that has experienced a net decline in relief since that time (House et al., 1997; House et 
al., 1998; House et al., 2001; Poage and Chamberlain, 2002; Mulch et al., 2006; Mulch et 
al., 2008; Cassel et al., 2009; Hren et al., 2010; Cassel et al., 2012). Though still debated, 
the most encompassing hypotheses describe a polyphase exhumation history that includes 
both a low relief highland in the Late Cretaceous and multiple uplift events since the 
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Oligocene (e.g. Clark et al., 2005; Stock et al., 2005; Pelletier, 2007; Maheo et al., 2009; 
McPhillips and Brandon, 2012).  
We initially sought to model the thermal-kinematic exhumation of individual 
catchment areas to constrain the early cooling and exhumation history of several drainage 
basins along strike of the range. However, adjusting thermal-kinematic models to account 
for the shallow depths of pluton emplacement was beyond the scope of this research. 
Instead, we designed model runs of the Bayesian trans-dimensional Markov Chain Monte 
Carlo routine QTQt to infer thermal histories from our thermochronologic datasets 
(Gallagher, 2012). Using a combination of paired detrital U/Pb and (U-Th)/He apatite 
dates, detrital 40Ar/39Ar hornblende dates, and paired detrital U/Pb and (U-Th)/He zircon 
dates, we constrained modeled T-t paths for two catchments. Ultimately, our data and 
modeling combined suggest variability in the cooling history of the southeastern flank of 
the Sierran continental arc over the Cretaceous to middle Cenozoic interval. 
The combination of approaches developed and implemented in this dissertation all 
serve to demonstrate the utility and viability of multi-chronometer detrital studies for 
achieving regionally expansive, conceptual understandings of orogenic systems. In 2013, 
Thiede and Ehlers had a similar goal of compiling a regional model to quantify spatial 
and temporal variations in denudation history. They aggregated 1126 published bedrock 
cooling ages from across the Himalaya to constrain a 1D thermal-kinematic model of 
variations in exhumation across the mountain range. Though the data they compiled was 
well distributed, the area represented in their model accounted for less than 20% of 
outcrop in their defined region of the Himalaya and focused on only three chronometric 
systems (apatite fission track, zircon fission track, and muscovite 40Ar/39Ar). While these 
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efforts were valuable, a great deal more information could be learned from broadening 
the geographic area covered and including both higher and lower temperature 
thermochronometers. By sampling modern fluvial detritus from multiple, small 
catchments along the length of an orogen (or upstream along several larger catchments) 
and dating the accessory minerals via a variety of techniques – especially those such as 
LADD which rapidly yield both a crystallization and cooling age for the crystal – 
researchers can obtain much richer data products from fewer, more easily obtained 
samples, enhancing both our temporal and spatial understanding of orogenesis.  
3. Trail Guide for Chapters 2 through 6 
Chapter 2 is a proof-of-concept study in which I detail protocols for the 
implementation of our LADD integrated U/Pb and (U-Th)/He technique. I chose to 
develop the LADD technique using minerals from the commonly dated Fish Canyon tuff 
(FCT), which is one of the most voluminous eruptive products of the La Garita caldera in 
Colorado’s San Juan volcanic field (Lipman, 1975; Bachmann et al., 2002). To 
demonstrate the viability of the LADD method, I compared both conventional and laser 
ablation (U-Th)/He dates from FCT zircon and titanite crystals. For both minerals, I 
found our LADD dates to be statistically indistinguishable from the dates yielded from 
conventional protocols (FCT zircon: 206Pb/238U – 28.63 ± 0.11 Ma; (U–Th)/He – 28.38 ± 
0.73 Ma; FCT titanite: 206Pb/238U – 28.08 ± 0.90 Ma; (U–Th)/He – 27.98 ± 0.86 Ma); 
though, with higher analytical uncertainty, which should be anticipated given that it is a 
micro-analytical technique. This chapter was published in collaboration with M.C. van 
Soest, K. V. Hodges, A. Tripathy-Lang, and J. K. Hourigan in volume 178 of the journal 
Geochimica et Cosmochimica Acta (2016).  
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In Chapter 3, I explore further applications of the LADD technique for dating 
detrital apatite crystals. The first component of this chapter is evaluating the viability of 
LADD for apatite through dating of the commonly used age standard Durango 
fluorapatite. From our experiments, I obtained a laser ablation 206Pb/238U date of 31.46 ± 
0.48 Ma and (U-Th-Sm)/He date of 31.75 ± 0.60 Ma, both of which are in good 
agreement with previously published dates for this commonly dated standard. Beyond 
verifying the accuracy of the technique, I also use a combination of laser ablation 
analyses from the Durango fluorapatite as well as FCT apatite to present a useful 
relationship between effective U concentration, cooling age of the crystal, and the volume 
of material ablated during analysis that can be used to estimate the magnitude of 
analytical imprecision in the resulting dates. I believe this will be a helpful tool for those 
interested in implementing the technique, especially if the geologic questions of interest 
require cooling ages with precision <10% of the date. Chapter 3 was published in 
collaboration with M.C. van Soest and K. V. Hodges in volume 506 of the journal 
Chemical Geology (2018). 
Following these chapters dedicated to technique development, this thesis delves 
into evaluating samples from the Sierra Nevada batholith. In Chapter 4, I use a 
combination of bedrock and detrital samples from small catchments with single source 
lithologies along the southeastern Sierra Nevada to evaluate the reproducibility and 
effectiveness of bedrock and detrital zircon (U-Th)/He datasets. Our bedrock data 
illustrated some fundamental limitations of using bedrock transects to derive exhumation 
histories, such as inadequate sampling of relief, analytical imprecision, and over-
dispersion of individual grain dates in the datasets. However, our detrital datasets were 
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useful in deriving estimates of catchment-wide exhumation rates, all of which confirm 
previously published estimates that the Sierra Nevada were exhumed at modest rates (< 1 
mm/a) between ca. 40 and 85 Ma. This chapter is being prepared for publication in 
journals such as Journal of Geophysical Research: Earth Surface or Earth and Planetary 
Science Letters, for example.  
Despite the encouraging results of Chapter 4, I was motivated to explore 
additional approaches for extrapolating cooling histories from detrital geochronologic 
and thermochronologic datasets. In Chapter 5 I do just that by using the dominant, 
“principal mode” date from several detrital age distributions to model the thermal history 
of the detrital source terrain for two of the catchments studied in Chapter 4. Using a suite 
of geochronometers and thermochronometers (zircon U/Pb, hornblende 40Ar/39Ar, apatite 
U/Pb, zircon (U-Th)/He, and apatite (U-Th)/He) in combination with the 
thermochronologic modeling software QTQt, I constrained local cooling histories from 
pluton crystallization through apatite (U-Th)/He closure in the upper crust. Our results 
illustrated notable variability in the exhumation of the southeastern Sierra Nevada: our 
northernmost catchment experienced rapid post-crystallization cooling for approximately 
10 Myr followed by a period of more subdued exhumation (~ 2-3˚C/Ma) from ca. 70 Ma 
until ca. 37 Ma. Thirty-seven kilometers to the south, the second catchment evaluated 
indicated much steadier, prolonged exhumation at ~ 4-5 ˚C/Ma from ca. 164 to 18 Ma, 
illustrating notable variation in the thermal history of the eastern Sierra Nevada. Chapter 
5 is also being prepared for publication in journals such as Tectonics or Earth and 
Planetary Science Letters.  
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The final chapter of the thesis synthesizes the key contributions made in Chapters 
2 through 5 and presents ideas for future work that could enhance the topics explored 
throughout this body of work.   
  11 
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CHAPTER 2 
INTEGRATED SINGLE CRYSTAL LASER ABLATION U/PB AND (U-TH)/HE 
DATING OF DETRITAL ACCESSORY MINERALS – PROOF-OF-CONCEPT 
STUDIES 
1. Abstract 
Excimer laser technologies enable a rapid and effective approach to the 
simultaneous U/Pb geochronology and (U-Th)/He thermochronology of a wide range of 
detrital accessory minerals. Here we describe the ‘laser ablation double dating’ (LADD) 
method and demonstrate its viability by applying it to zircon and titanite crystals from the 
well-characterized Fish Canyon tuff. We found that LADD dates for Fish Canyon zircon 
(206Pb/238U – 28.63 ± 0.11 Ma; (U-Th)/He – 28.38 ± 0.73 Ma) are statistically 
indistinguishable from those obtained through established, traditional methods of single-
crystal dating. The same is true for Fish Canyon titanite LADD dates: 206Pb /238U – 28.08 
± 0.90 Ma; (U-Th)/He – 27.98 ± 0.86 Ma. As anticipated, given that LADD involves the 
analysis of smaller amounts of material than traditional methods, it yields dates with 
higher analytical uncertainty. However, this does not substantially reduce the utility of 
the results for most applications to detrital datasets. An important characteristic of LADD 
is that it encourages the chemical characterization of crystals by backscattered electron, 
cathodoluminescence, and/or Raman mapping prior to dating. In addition, by permitting 
the rapid and robust dating of crystals regardless of the degree of their abrasion during 
sedimentary transport, the method theoretically should yield dates that are more broadly 
representative of those of the entire population of detrital crystals in a natural sample. 
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2. Introduction 
Coordinated geochronometry and thermochronometry of detrital accessory 
minerals in sedimentary rocks and sediments can provide important insights regarding 
both sediment provenance and the thermal evolution of source regions. In recent years, a 
number of studies of this kind have been conducted, with special emphasis on combining 
U/Pb and either (U-Th)/He or fission-track methods, a procedure often referred to in the 
literature as ‘double dating’ (e.g. Rahl et al., 2003; Reiners et al., 2005; Bernet et al., 
2006; Kirstein et al., 2010; Saylor et al., 2012; Painter et al., 2014; Tang et al., 2014; 
Wang et al., 2014). In some cases, all three techniques have been combined for ‘triple 
dating’ of detrital apatites (e.g., Carrapa et al., 2009; Zattin et al., 2012). Projects 
involving a combination of U/Pb geochronology and (U-Th)/He thermochronology 
typically have relied on ‘laser ablation, inductively coupled plasma-source mass 
spectrometry’ (LA-ICPMS) microanalytical techniques for U/Pb, and what might be 
called ‘conventional’ analytical techniques for (U-Th)/He, which yields cooling dates for 
entire single grains. In principle, the relatively recent development of laser ablation 
microanalytical methods for (U-Th)/He thermochronology (Boyce et al., 2006) presents 
the opportunity for a different approach: integrated laser ablation U/Pb and (U-Th)/He 
dating of individual accessory mineral crystals.  
Several characteristics of laser ablation helium dating are particularly attractive 
for work on detrital samples (Tripathy-Lang et al., 2013). Conventional (U-Th)/He 
protocols require the application of an alpha ejection correction to calculated ‘raw’ dates 
(Farley et al., 1996). This calculation depends on knowledge of the shape and size of each 
dated crystal, both of which can be modified significantly during transport from a 
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sediment’s source to the site of its deposition. In addition, U and Th zoning in accessory 
minerals can negatively affect the robustness of alpha ejection corrections if not properly 
taken into account. Conventional (U-Th)/He thermochronology procedures used in most 
laboratories offer no opportunity to characterize zoning in crystals prior to destructive 
analysis, or to use that information to make better informed alpha ejection corrections 
using methods outlined by several research groups (Reiners et al., 2004; Hourigan et al., 
2005; Herman et al., 2007; Gautheron et al., 2012). The laser ablation method addresses 
both of these potential problems by eliminating the need for an alpha ejection correction. 
In addition, it does not require some of the most time-consuming steps of the 
conventional (U-Th)/He procedure (e.g., chemical digestion of each grain in preparation 
for parent element isotopic measurements), and thus increases the number of crystals that 
can be dated in a detrital sample over a particular time interval. Such improved analytical 
efficiency can be especially valuable for detrital studies. Although most double- and 
triple-dating studies thus far have yielded no more than a few tens of paired dates per 
sample, it has been suggested by some researchers that no fewer than a hundred 
(Vermeesch, 2004), and perhaps a thousand or more (Pullen et al., 2014), analyses might 
be needed to fully characterize complex detrital age populations. Microanalytical 
methods based on laser ablation improve sample throughput to the point that producing 
such massive detrital datasets can be a realistically envisioned. 
Here we report the results of a proof-of-concept study designed to establish the 
viability of integrated U/Pb and (U-Th)/He ‘laser ablation double dating’ (LADD) of 
individual detrital titanite and zircon crystals by ultraviolet laser ablation and quadrupole 
mass spectrometry. While examples of detrital titanite dating in the literature are less 
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common than examples of detrital zircon dating, titanite is a common accessory mineral 
in many igneous and metamorphic rocks and is nearly as abrasion resistant as zircon, so it 
can be a useful target for detrital thermochronometry, especially for samples in which 
zircons are scarce. 
3. Study Strategy  
In an earlier research paper (Tripathy-Lang et al., 2013), our group demonstrated 
the viability of laser ablation (U-Th)/He dating of zircon from a detrital sample and 
showed that conventional and laser ablation techniques, as applied to detrital zircons 
from the same sediment sample, can be expected to yield comparable spectra of detrital 
dates. However, the results of that study did not unambiguously demonstrate that the 
conventional and laser ablation techniques would yield the same results for a well-
characterized standard material with a well-constrained age. Our aim for the current study 
was to test this hypothesis through a comparison of conventional and LADD titanite and 
zircon results. While it would have been straightforward to conduct this work on large, 
gem-quality, chemically homogeneous crystals, such crystals are extremely 
uncharacteristic of most detrital accessory mineral suites. Instead, we wanted to explore 
the reproducibility of LADD and conventional results for zircon and titanite from a 
standard material with a well-established age and a reputation for containing accessory 
minerals that are: 1) abundant; 2) approximately the sizes encountered in fine- to 
medium-grained sand deposits; and 3) complexly zoned in ways commonly encountered 
in detrital accessory minerals suites. With these desired characteristics in mind, we 
decided to focus our study on the ~ 28 Ma Fish Canyon tuff (FCT; Lipman et al., 1970).  
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The Fish Canyon ash-flow tuff is the most voluminous eruptive product of the La 
Garita caldera in the San Juan volcanic field of Colorado (Lipman, 1975; Bachmann et 
al., 2002). Because it contains a wide variety of minerals commonly used for 40Ar/39Ar, 
(U-Th)/He, and fission-track dating, it has become a popular standard in many 
laboratories worldwide. In particular, Fish Canyon sanidine is among the most reliable 
and widely used irradiation monitors for 40Ar/39Ar, and is frequently employed for cross-
calibration of other monitors (e.g., Cebula et al., 1986; Renne et al., 1998; Gleadow et al., 
2015). As a consequence of its widespread adoption as a standard, there are numerous 
published U/Pb and (U-Th)/He dating results from various laboratories for FCT zircon 
and titanite against which our new laser ablation data can be compared.  
In order to ensure a valid comparison of the conventional and LADD techniques 
in a single laboratory environment, we present here the results of conventional (U-Th)/He 
analyses of Fish Canyon titanite and zircon obtained in in the Group 18 Laboratories at 
Arizona State University over an eight-year period (2006-2014), as well as new LADD 
U/Pb and (U-Th)/He data for the same minerals. As a consequence, previously published 
conventional results, conventional results from our laboratories, and our new LADD 
datasets all can be compared. Our study confirms that the LADD method yields results 
consistent with those obtained using more familiar and well-established whole-crystal 
methods, albeit with larger analytical uncertainties, as is typically the case with 
microanalytical techniques. 
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3.1 Notable Previous Applications of the U/Pb and (U-Th)/He Chronometers to FCT 
Titanite and Zircon 
Understanding the U/Pb ages of Fish Canyon tuff zircon and titanite have become 
especially important in recent years in light of attempts to improve our understanding of 
40K branched decay constants and reconcile the U/Pb and 40Ar/39Ar dating techniques in 
pursuit of high accuracy geochronology as part of the international Earthtime initiative. 
Published 206Pb/238U dates for zircon determined through isotope dilution, thermal 
ionization mass spectrometry (ID-TIMS) range from 28.33 ± 0.15 Ma to 28.61 ± 0.08 Ma 
and imply a rather extended crystallization period of ≥ 300 ka (Schmitz and Bowring, 
2001; Bachmann et al., 2007). (Throughout this paper, all uncertainties in apparent ages 
are cited at the 2σ, ca. 95% confidence level.) For Fish Canyon titanite, Schmitz and 
Bowring reported an ID-TIMS 206Pb/238U date of 28.53 ± 0.05 Ma, whereas Chew et al. 
(2014) reported a LA-ICPMS concordia date of 28.78 ± 0.41 Ma. All of these dates were 
obtained for minerals from samples collected at the ‘classic’ Fish Canyon tuff collection 
site near South Fork, Colorado. Sampling outcrops at the site lie near the base of a ≥ 600 
m thick ignimbrite sheet and beneath several other younger units, suggesting that the 
sampled tuff may have experienced a somewhat complex cooling history (Gleadow et al., 
2015). Gleadow and co-workers obtained ion microprobe 206Pb/238U dates for rims and 
interiors of zircons from a newly collected sample from the classic South Fork site (their 
FCT-1) with inverse-variance weighted means of 29.5 ± 0.6 Ma and 29.0 ± 0.6 Ma, 
respectively. They also reported ion microprobe 206Pb/238U dates for zircons separated 
from a sample (AG10-02) collected at a second site southeast of Del Norte, Colorado. 
More distal from the inferred center of the La Garita caldera than the classic site, there 
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the ignimbrite sheet is only approximately 40 m-thick and presumably experienced more 
rapid post-eruption cooling than the sheet at the classic site. The reported ion microprobe 
206Pb/238U dates for AG10-02 rims and interiors were 28.5 ± 0.6 Ma and 29.0 ± 0.4 Ma, 
respectively. 
The most thorough study of (U-Th)/He systematics in Fish Canyon zircon to date 
has been that of Dobson et al. (2008) using grains from the classic site. Following 
Schmitz and Bowring (2001), they noted that individual zircon from the ignimbrite 
exhibit extreme (orders of magnitude) U and Th zoning, the nature of which varies from 
crystal to crystal. This undoubtedly introduces non-systematic errors in alpha ejection 
corrections for conventional (U-Th)/He dates for Fish Canyon zircon. From a compilation 
of conventional FCT zircon results from several laboratories that make routine 
measurements of this material, Dobson et al. (2008) calculated a mean apparent age of 
28.3 ± 3.1 Ma and attributed the observed 10.9% dispersion to uncertainties introduced 
by applying an alpha ejection correction schema that assumed uniform U + Th in all 
crystals. Gleadow et al. (2015) reported inverse-variance weighted mean (U-Th)/He 
zircon dates of 28.7 ± 0.8 Ma for the classic locality and 28.4 ± 2.0 Ma for the locality SE 
of Del Norte. Within the limits of analytical uncertainty, there is no discernable 
difference between (U-Th)/He zircon dates from the two different localities. There has 
been no systematic study of Fish Canyon titanite (U-Th)/He, but House et al. (2000) 
reported a mean apparent age for seven crystals from the classic site of 27.9 ± 2.2 Ma. 
Notably, given the relatively large magnitude of the uncertainties for the (U-Th)/He 
thermochronometers and the rapidity of post-eruptive cooling, the (U-Th)/He dates for 
FCT zircon and titanite are indistinguishable from the U/Pb dates for the same minerals.  
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4. Analytical Methods 
The analytical protocols for conventional (U-Th)/He dating of single crystals are 
well established and similar in nearly all laboratories worldwide. Specific procedures for 
our laboratories are described in Appendix A. The LADD method is procedurally very 
different in that it integrates ‘laser ablation, gas-source mass spectrometry’ (LA-GMS) 
and LA-ICPMS analytical techniques. We briefly outline the LADD protocols used for 
our FCT titanite and zircon studies in the paragraphs below (see also Figure 2.1), and 
provide a much more detailed description of the method in Appendix A.  
Zircon crystals (≥100 μm in diameter) and titanite crystals (≥125 μm in diameter) 
were first mounted in a ‘puck’ of Torr Seal, a low vapor-pressure epoxy. The puck was 
then polished to remove the outer 20-30 μm of the crystals, which both eliminates the 
need for alpha ejection corrections and ensures a smooth surface for analysis. Next, both 
cathodoluminescence (CL) and backscatter electron (BSE) images were acquired before 
the puck was re-polished to eliminate the carbon coat and any (minimal) amount of the 
crystal surface that could have been damaged during electron beam imaging (e.g., Flude 
et al., 2013).  
 The CL and BSE images aid with targeting specific areas within each crystal for 
analysis. Targeted locations were selected to be at least 20 μm away from both the crystal 
boundaries as well as any inclusions (Figure 2.2). For Cenozoic zircons and titanites, we 
typically used 25 μm and 65 μm diameter laser footprints, respectively, for the LA-GMS 
analyses and larger (typically 65 μm for zircon and 110 μm for titanite), concentric 
footprints for the LA-ICPMS analyses. Larger laser footprints were used for titanite 
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analyses to account for their typically lower parent isotope concentrations. It is important 
to note that zoning patterns exhibited in the CL or BSE images were used primarily to 
assist in our interpretations of LADD data, and that complex zoning was not used as a 
selection criterion for crystals that will be dated. 
Once we had marked the targeted locations on the CL or BSE images, we 
conducted in vacuuo laser ablation of the innermost, smaller pits for 4He measurements. 
All LADD analyses were performed with a Photon Machines (now Teledyne CETAC) 
Analyte G2, a 193 nm Atlex 300 ArF excimer laser. We used operating conditions that 
were slightly different for titanite and zircon. For the former, we applied a 5 mJ laser 
energy at 100% output power and a pulse frequency of 5 Hz for a total of 60 s. For 
zircon, the pulse frequency was increased to 10 Hz and the duration of the ablation 
experiment was decreased to 15 s. These operating conditions produced ablation pits 
roughly as deep as the radius of the laser footprint. 
Following ablation and gas purification, we measured 4He using a modified 
version of the extraction subsystem supplied as part of our ASI Alphachron analytical 
system – described in more detail in Appendix A – and a Pfeiffer-Balzers Prisma 
quadrupole mass spectrometer for helium isotopic analysis.  
 After 4He analyses, the ablated pits were scanned with an ADE PhaseShift 
MicroXAM interferometric microscope, which generates a high-resolution digital 
elevation model of the ablated pit and surrounding crystal surface. By processing these 
data with an in-house Matlab script, we calculated a best-fit volume for the ablated pit, 
and thus ascertained the concentration of 4He from previously measured 4He abundances.  
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We next determined the concentrations of contributing parent isotopes by LA-
ICPMS, integrating the Analyte G2 laser system with a Photon Machines (Teledyne 
CETAC) HelEx Active two-volume ablation cell and a Thermo Scientific iCAP Q 
quadrupole mass spectrometer. For this portion of the analysis, we centered the laser over 
the same spots ablated for the 4He analysis, but increased the laser footprint diameter by 
~ 40-45 μm and increased the number of laser pulses to ablate pits ≥ 20 μm deeper than 
the 4He pits (Figure 2.2). By doing so, we ensured that the parent element analyses 
averaged over any compositional zoning that may have contributed 4He to the first 
ablation pit, since the nominal alpha recoil distances for 4He produced by U, Th, and Sm 
in titanite and zircon range from ~ 16-20 μm (e.g., Ketcham et al., 2011). Lasing 
conditions for the second ablation experiment on the Fish Canyon samples were: 5 mJ 
laser energy, 100% output power, 4 Hz pulse frequency, 90 s duration for titanite; and 5 
mJ laser energy, 75% output power, 10 Hz pulse frequency, 40 s duration for zircon. 
Once the second cycle of ablation experiments was complete, we returned to the 
interferometric microscope to measure the volume of the newly ablated pits, following 
the same protocol implemented previously when measuring the volumes of the 4He pits. 
Since the LADD technique requires knowledge of both isotopic ratios and 
concentrations, we must employ concentration standards as well as isotope-ratio 
standards as part of the procedure. For isotope-ratio standards, we used both Plešovice 
(Sláma et al., 2008; 337.13 ± 0.37 Ma) and 94-35 (Klepeis et al., 1998; 55.5 ± 1.5 Ma) 
for zircon, and BLR-1 for titanite (Aleinikoff et al., 2007; 1047.1 ± 0.4 Ma). Our 
composition standard for the Fish Canyon titanite work was a gem-quality titanite from 
San Quintín, Mexico (SQT1). While SQT1 is our best available titanite concentration 
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standard at present, we remain concerned that subtle zoning variations in its U, Th, and 
Sm concentrations may add to the analytical uncertainty in laser ablation (U-Th)/He 
titanite dates that, because they are unquantified, cannot be rigorously propagated 
through the age equation. For the Fish Canyon zircon work, we used ‘SynZircon’, a 
sintered, synthetic rock made from micromilled zircon powder so as to have a uniform 
parent element composition (Monteleone et al., 2009). 
5. Results 
5.1 Conventional (U-Th)/He Results 
A total of 165 conventional, alpha-ejection corrected, (U-Th)/He dates for Fish 
Canyon zircons ranged from 31.60 ± 0.92 Ma to 24.40 ± 0.88 Ma, with a simple inverse-
variance weighted mean of 28.158 ± 0.068 Ma (Table 2.1; Figure 2.2a). The dispersion of 
these data (taken here as equivalent to two inverse-variance weighted standard deviations 
of the sampled population, in contrast to two standard deviations of the inverse-variance 
weighted mean) is 11.0 %, a value essentially the same as that obtained by Dobson et al. 
(2008) for their multi-laboratory analysis. As were their results, these data are over-
dispersed, which is to say that the dispersion cannot be explained by analytical 
uncertainty alone. Following Hourigan et al. (2005) and Dobson et al. (2008), we regard 
it as probable that this is due to erroneous alpha ejection corrections due to variable 
parent element zoning. The degree of over-dispersion can be quantified using the mean 
squared weighted deviation (MSWD) of data relative to the weighted mean (Wendt and 
Carl, 1991). For n = 165, the MSWD has an expected value of 1.00 ± 0.22, but the 
MSWD for our conventional zircon dataset is 12.62. In the geochronology community, 
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an established way to present more realistic uncertainties for over-dispersed datasets is to 
multiply the calculated inverse-variance weighted mean by the square-root of the MSWD 
(e.g., Ludwig, 2003). Doing so in this instance results in our preferred estimate of the 
conventional (U-Th)/He age of FCT zircon for comparison with LADD results: 28.16 ± 
0.24 Ma. 
The range of dates obtained using the conventional method for 41 titanite crystals 
was between 30.3 ± 1.0 Ma and 26.29 ± 0.60 Ma, with an inverse-variance weighted 
mean of 28.12 ± 0.12 Ma (Table 2.2; Figure 2.2b). The dispersion about this population 
was considerably less than that for zircon (5.1%), which probably reflects the lesser 
degree of chemical zonation apparent in Fish Canyon titanites as compared to zircons 
(Schmitz and Bowring, 2001). Nevertheless, this dataset is still over-dispersed; the 
MSWD is 3.44, as compared to the expected value of 1.00 ± 0.45 for n = 41. The same 
error-magnification approach as was used for the zircon population results in our 
calculation of 28.12 ± 0.22 Ma as the best estimate of the conventional titanite (U-Th)/He 
age.  
5.2 Laser Ablation Double Dating Results 
Using the analytical protocols described in Section 4, we analyzed 45 titanites and 
44 zircons from the Fish Canyon ignimbrite by the LADD method (Tables 2.3 and 2.4). 
These minerals were separated from a sample of the tuff collected by KVH at the same 
locality southeast of Del Norte, Colorado, as sample AG10-02 of Gleadow et al. (2015).  
Laser ablation 206Pb/238U dates for zircon ranged from 30.3 ± 1.5 Ma to 27.86 ± 
0.74 Ma (Figure 2.3a), with a dispersion of 2.8%, which is easily explained by analytical 
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imprecision alone (MSWD = 1.31). The inverse-variance weighted mean of all 44 results 
is 28.63 ± 0.11 Ma. Laser ablation 206Pb/238U dates for titanite had considerably higher 
analytical uncertainty due to the need for substantial correction of the analyses for 
common Pb. As noted earlier, our common Pb corrections were performed using 204Pb. 
The 204Pb measurements for these analyses were very near operational blank levels, such 
that they carried relatively large uncertainties, which propagated into large apparent age 
uncertainties. For example, the calculated dates ranged from 33.2 ± 9.2 Ma to 24.1 ± 5.4 
Ma (Figure 2.3b). Despite the data having a relatively large (16.5%) dispersion, the 
magnitudes of the uncertainties are such that they readily account for the scatter. 
Collectively, the 45 analyses yield an inverse-variance weighted mean of 28.08 ± 0.90 
Ma (MSWD = 0.59). 
Laser ablation (U-Th)/He dates from the same zircons and titanites for which 
206Pb/238U dates were obtained are illustrated in Figure 2.2c and 2.2d. (For these, as for 
all laser ablation (U-Th)/He dates, no alpha-ejection corrections were necessary.) Zircon 
dates ranged from 33.6 ± 2.6 Ma to 23.2 ± 1.8 Ma, whereas titanite dates ranged from 
33.8 ± 3.6 to 23.6 ± 1.2 Ma, with dispersions of 17.0 and 20.6%, respectively. Both 
datasets were over-dispersed (MSWDs of 4.58 for zircon and 15.53 for titanite) and we 
consequently multiplied the nominal 2σ uncertainty for the inverse-variance weighted 
means by the square root of the MSWD to arrive at more realistic uncertainties for the 
calculated means: 28.38 ± 0.73 Ma for zircon and 27.98 ± 0.86 for titanite.      
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6. Discussion 
LADD results for Fish Canyon tuff titanites and zircons compare well with 
previously published U/Pb and (U-Th)/He results, as well as conventional (U-Th)/He 
results from our laboratories. Our inverse-variance weighted mean laser ablation 
206Pb/238U date for Fish Canyon zircon (28.63 ± 0.11 Ma) overlaps the high end of the 
published range of ID-TIMS dates for these materials from the classic site (Schmitz and 
Bowring, 2001; Bachmann et al., 2007), and is statistically indistinguishable from the ion 
microprobe 206Pb/238U zircon interior and rim dates reported by Gleadow et al. (2015) for 
their sample from this locality. Our inverse-variance weighted mean laser ablation 
206Pb/238U date for Fish Canyon titanite (28.08 ± 0.90 Ma) is also indistinguishable from 
published ID-TIMS and LA-ICPMS results (Schmitz and Bowring, 2001; Chew et al., 
2014).  
The inverse-variance weighted means for conventional (U-Th)/He dates 
determined for zircon (28.16 ± 0.24 Ma; n = 165) and titanite (28.12 ± 0.22 Ma; n = 41) 
from the classic site presented here are statistically the same as laser ablation dates for the 
two minerals from the site SE of Del Norte, Colorado. The same can be said for 
comparisons between our laser ablation (U-Th)/He dates and conventional dates reported 
by other researchers from both sampling sites (House et al., 2000; Dobson et al., 2008; 
Gleadow et al., 2015). 
While our proof-of-concept study appears to confirm the accuracy of LADD 
results, at least for Fish Canyon titanite and zircon, the precision and dispersion of these 
results bear further scrutiny. It is not surprising that microanalytical methods yield lower 
  31 
precision than bulk methods such as ID-TIMS U/Pb or conventional (U-Th)/He. 
Comparing U/Pb results for Fish Canyon zircon, the LADD 206Pb/238U protocols 
described in Section 4 yield precisions slightly less than an order of magnitude worse 
than ID-TIMS dates. Due to the need for common Pb corrections, the fact that we used 
204Pb measurements for those corrections, and the reality that measured 204Pb abundances 
were near blank levels, our individual 206Pb/238U dates for Fish Canyon titanites were 
about two orders of magnitude less precise than published ID-TIMS dates (Schmitz and 
Bowring, 2001).  
The propagation of analytical uncertainties only – without regard to uncertainties 
in the alpha ejection correction – leads to an average 2σ uncertainty in our individual, 
conventional, zircon (U-Th)/He dates of roughly 3.1%. For comparison, uncertainties in 
our laser ablation (U-Th)/He dates for individual zircon crystals are almost six times 
larger, averaging 17.8%. Dispersion of the conventional and laser results are similar, 
however: two inverse-variance weighted standard deviations of the conventional and 
laser ablation data are 3.1 Ma and 4.8 Ma, respectively. We interpret this similarity, 
despite the significant difference in analytical precision, as a reflection of the fact that the 
laser ablation method reduces over-dispersion associated with parent-element zoning 
(Hourigan et al., 2005; Dobson et al., 2008). Unfortunately, this improvement is masked 
to some extent by the larger uncertainties in the laser ablation data.  
Both the average 2σ uncertainty in our individual, laser ablation, titanite (U-
Th)/He dates (13.2%) and the dispersion of the dataset overall (5.8 Ma) are much higher 
than the equivalent parameters for conventional (U-Th)/He data (5.5% and 1.4 Ma). 
Similar to the uncertainties in the laser ablation (U-Th)/He zircon ages, the imprecision of 
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the titanite ages derives primarily from uncertainty in 4He measurements (Table 2.5). 
Other primary contributors to the uncertainty budget are measurements of the ablated pit 
volumes and uncertainties in the U, Th, and Sm concentrations of the SynZircon and 
SQT1 standards. 
6.1 Improving Precision  
The precision of both zircon and titanite LADD analyses could be improved in 
multiple ways. With regard to U/Pb analyses, installation of an effective mercury filter on 
the LA-ICPMS system would minimize propagated uncertainties related to the 204Hg 
correction to 204Pb and, thus, to common Pb corrections. In addition, using a magnetic 
sector mass spectrometer for the LA-ICPMS work instead of a quadrupole could yield 
higher precision measurements for U, Th, and Pb isotopes. However, doing so would 
limit analytical flexibility and reduce some opportunities for building on the technique, as 
discussed below. 
With regard to laser ablation (U-Th)/He dating using the specific protocols 
described in Appendix A, a sensitivity analysis shows that, by far, most of the final 
apparent age uncertainty (nearly 50%) can be attributed simply to uncertainties in the 
measurement of 4He (Table 2.5). Thus, the shortest route to improved precision in the 
overall technique is through modified analytical protocols that employ a different mass 
spectrometry system for LA-GMS analyses that could permit higher precision 4He 
measurements. For the proof-of-concept study reported here, it was our intention to show 
how the same kinds of small quadrupole mass spectrometers typically found in 
laboratories doing conventional (U-Th)/He thermochronology could also be used for laser 
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ablation studies when an excimer laser microprobe is also available. However, in our 
laboratories, we more frequently use our Thermo Scientific Helix SFT magnetic sector 
mass spectrometer for helium analyses in support of LADD work.  Beyond the higher 
4He sensitivity of this instrument (and better constraints on that sensitivity), it permits 
more precise quantification of system blanks, which dramatically improves the precision 
of 4He measurements. We have found that, on average, the precisions for individual laser 
ablation zircon (U-Th)/He dates obtained using the Helix SFT are two- to three-times 
better than those obtained using a small quadrupole for 4He measurements (compare the 
results of Tripathy-Lang et al., 2013, to those presented here). We anticipate the same to 
be true for titanite.  
To a lesser extent, the uncertainty of laser ablation (U-Th)/He dates is also 
affected by propagated uncertainties in U, Th, and Sm concentrations for matrix-matched 
standards. An important focus of our methods-development research at present is the 
identification and characterization of suitable natural and synthetic LADD standards. We 
have high expectations for the increased utility of synthetic materials such as the 
SynZircon used for the Fish Canyon zircon LADD results reported here, and are 
expanding our experiments with synthetic rocks produced from micromilled natural 
minerals to include apatite, rutile, and titanite.  
A question we commonly encounter in the course of discussions about the LADD 
method is the extent to which uncertainties in ablated pit volume measurements 
propagate into uncertainties in the final laser ablation (U-Th)/He ages.  As Table 2.5 
shows, these uncertainties contributed roughly 21-27% of the total error. For the Fish 
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Canyon zircon data, for example, a 50% increase or decrease in the uncertainties assumed 
for measured ablation pit volumes would increase age uncertainties by only about 9%.  
Ultimately, the nature of a particular geochronologic problem dictates the level of 
analytical precision required to address it. For many – if not most – detrital studies, 
uncertainties of the magnitude we obtained for individual 206Pb/238U and (U-Th)/He dates 
in our Fish Canyon study would likely not significantly affect geological interpretations 
of the results. 
6.2 Prospects 
As explained in detail by Tripathy-Lang et al. (2013), there are both advantages 
and disadvantages associated with employing laser ablation methods for (U-Th)/He 
detrital mineral thermochronometry, and the same can also be said more generally for the 
LADD methods discussed here. LADD benefits (U-Th)/He detrital dating by obviating 
the need for alpha-ejection corrections, by minimizing the effects of alpha-redistribution 
from inclusions or alpha-injection from neighboring crystals, and by enabling the robust 
analysis of detrital crystals that are substantially rounded. However, the method is less 
well suited for detrital crystals derived from source regions that have experienced 
extremely slow cooling histories. Such a cooling history can lead to marked 
intracrystalline diffusive loss gradients in radiogenic helium that can hinder meaningful 
interpretations of laser ablation (U-Th)/He dates. Similarly, extremely rapid cooling 
(and/or source regions with very low relief) can lead to a low variation in (U-Th)/He 
dates in a detrital sample that might not be distinguishable given the lower precision of 
the laser ablation method as compared to the conventional method. Care also must be 
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taken when analyzing detrital samples in which a large component of the available 
crystals are smaller than the minimum diameters required to reliably conduct LADD 
because this could bias inferences regarding the true spectrum of apparent ages in a 
detrital sample. However, we regard the advantages of LADD to outweigh the 
disadvantages for most studies. 
Theoretically, the LADD technique is also applicable to minerals such as apatite, 
rutile, and the orthophosphates monazite and xenotime. High parent-element 
concentrations make LADD dating of monazite and xenotime straightforward, but lower 
concentrations and higher common Pb make apatite and rutile LADD more challenging. 
Preliminary work on rutile is promising, although relatively coarse crystals may be 
required to ensure that sufficiently large ablation pits can be used to obtain enough 4He 
for relatively precise analysis. Unfortunately, we suspect that most detrital apatites are 
too low in U, Th, Sm, and 4He for effective LADD dating. 
6.3 Including Complimentary Analyses 
Although the use of a quadrupole mass spectrometer for U, Th, Sm, and Pb 
isotopic measurements in support of LADD may require a sacrifice of analytical 
precision compared with the use of a magnetic sector instrument, the capacity of a 
quadrupole instrument to rapidly scan a range of elements presents additional 
opportunities for characterization of individual mineral grains. For example, we have 
recently started including the routine analysis of Zr in titanite and rutile, as well as Ti in 
zircon, to enable the application of a variety of element partitioning thermobarometers 
(Ferry and Watson, 2007; Hayden et al., 2008). 
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One of the more significant developments in (U-Th)/He thermochronology in 
recent years has been evidence that alpha radiation damage can substantially affect the 
diffusivity of 4He in accessory minerals and thus the paleo-temperatures corresponding to 
measured (U-Th)/He ages (Shuster et al., 2006; Flowers et al., 2009; Gautheron et al., 
2009; Guenthner et al., 2013; Guenthner et al., 2014). For zircon, it has been suggested 
that reasonable corrections for this effect can be made using effective alpha doses 
calculated from the effective uranium (eU) concentrations – where eU = U + 0.235Th – 
and an independently determined zircon fission-track date for an estimate of the time 
since a crystal last cooled below the threshold temperature for long-term radiation 
damage annealing (Guenthner et al., 2013). This approach requires the assumption that 
effective alpha dose is a reasonable proxy for alpha radiation damage. The potential for a 
more direct approach derives from the observation that non-destructive Raman 
spectroscopy can be used to quantify the degree of alpha radiation damage in zircon 
(Nasdala et al., 1995; Nasdala et al., 2001; Nasdala et al., 2006). The LADD sample 
preparation strategy described here enables the addition of Raman spectroscopic mapping 
to the suite of pre-analytical sample characterization activities if so desired.  
6.4 Other Variations of the Technique 
Vermeesch et al. (2012) presented a different variation of laser ablation (U-
Th)/He dating by employing LA-ICPMS coupled with further modifications of the 
methods used by Boyce et al. (2006; 2009). Their aim was to simplify and streamline 
laser ablation (U-Th)/He dating by pairwise analysis of unknowns and standards for 
which the ‘correct’ (U-Th)/He age can be assumed. In their approach, (U-Th)/He dates of 
the unknowns could be determined by normalizing isotopic abundances and pit volumes 
  37 
to those obtained for standards analyzed during the same session. In theory, this approach 
eliminates the need for measuring ablation pit volumes. Evans et al. (2015) illustrated 
how the pairwise protocol could be modified and improved upon to include the LA-
ICPMS measurement of Pb isotopes in addition to 4He parent element isotopes in order to 
enable in situ (U-Th)/He and U/Pb double dating. Notably, the reliability of the pairwise 
approach to (U-Th)/He dating is strongly dependent on: 1) the availability of appropriate 
parent element concentration standards; and 2) either the assumption that ablation rates 
are identical in both the standards and the unknowns, or that differences can be 
adequately corrected for with an ablation-rate proxy. We have not adopted the pairwise 
approach because, in our experience, ablation rate is dependent on mineral chemistry, 
mineral structure, and the quality of surface polish, all of which can vary substantially 
across a single unknown or standard crystal. For example, in the course of measuring 
ablation pit volumes for the data reported here, we found that ablation rates in polished 
FCT titanites and zircons varied by a factor of two to three. Even so, both Vermeesch et 
al. (2012) and Evans et al. (2015) demonstrated the first-order viability of the pairwise 
approach by showing that it yielded dates comparable to conventional results for large 
crystals of Sri Lankan zircon (a standard material; Nasdala et al., 2004) and lamproite 
zircons from the Ellendale diamond mine in Western Australia (previously studied by 
Evans et al., 2012).  
7. Conclusions 
Laser ablation procedures simplify and accelerate the U/Pb and (U-Th)/He 
‘double dating’ of detrital mineral suites, and may reduce or eliminate sampling biases 
related to selective picking of well-formed crystals for conventional (U-Th)/He analyses. 
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In this contribution, we have outlined effective methods for laser ablation double dating 
of detrital titanite and zircon, building from previously well-established protocols for LA-
ICPMS U/Pb geochronology. A proof-of-concept study using titanites and zircons 
separated from a sample of the Fish Canyon tuff confirms the viability of the method and 
illustrates typical levels of analytical uncertainty that might be expected when a small 
quadrupole mass spectrometer – like that used for most conventional (U-Th)/He studies – 
is used for helium analyses. In general practice, the protocols described here result in 
analytical precisions for individual Cenozoic (U-Th)/He dates of between 10 and 20% at 
the ~ 95% confidence level, roughly three times worse than typical analytical 
uncertainties on conventional (U-Th)/He dates. However, these uncertainties can be 
reduced by up to two-thirds through the use of a magnetic sector instrument for LA-GMS 
measurements and through the development and careful characterization of better matrix-
matched composition standards for U, Sm, and Th. Such protocols reduce the imprecision 
of laser ablation (U-Th)/He dating to nearly the level of conventional dating performed 
on quadrupole mass spectrometers.
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9. Figure Captions 
Figure 2.1. Flow chart of the protocol implemented for LADD (as detailed in Section 4). 
Common flow chart symbology is employed. Hexagons indicate a preparation. 
Rectangles indicate a process. Parallelograms indicate intermediate data products. 
Ellipses indicate final data products. Workflow direction is indicated by arrowed lines. 
 
Figure 2.2. ¾ plan view of a mounted crystal after analysis (left) and a cross sectional 
view of the ablated pits showing the rough dimensions of the U + Th + Sm pits (right). 
Dashed lines in the cross section indicate the location of the crystal surface, pre-ablation, 
as well as the location of the 4He pit prior to ablation of the U + Th + Sm pit. 
 
Figure 2.3. Conventional (U-Th)/He dates for Fish Canyon tuff zircon (a) and titanite (b) 
compared to those obtained with the LADD technique (c and d). Each dated grain is 
represented by a vertical black bar centered on the calculated apparent age. The heights 
of these bars indicate 2σ (ca. 95% confidence) analytical errors. Light grey horizontal 
bars indicate 2σ bounds for the inverse-variance weighted mean of the data set. The 
darker grey horizontal bars illustrate the dispersion of the data set calculated as ± 2σ of 
the sample population relative to the inverse-variance weighted mean. 
 
Figure 2.4. LADD 206Pb/238U dates obtained for Fish Canyon tuff zircon (a) and titanite 
(b). Symbology is the same as in Figure 2.3. 
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Grain
4
He 
(pmole)
error   
(2σ)
238
U 
(pmole)
error 
(2σ)
232
Th 
(pmole)
error 
(2σ)
147
Sm 
(pmole)
error 
(2σ)
(U-Th)/He 
Date (Ma)
error 
(2σ)
232
Th/
238
U
1 0.988 0.017 12.53 0.25 71.9 1.6 0 0 26.29 0.60 5.73
2 0.1308 0.0035 1.732 0.031 8.868 0.084 6.63 0.38 26.60 0.77 5.12
3 0.773 0.018 10.29 0.23 52.3 1.1 0 0 26.78 0.76 5.08
4 1.696 0.041 21.65 0.61 113.9 3.9 0 0 27.43 0.90 5.26
5 0.2446 0.0059 3.085 0.048 16.18 0.14 13.71 0.53 27.52 0.71 5.24
6 0.1055 0.0025 1.301 0.024 7.100 0.070 5.79 0.32 27.53 0.71 5.46
7 0.741 0.018 9.64 0.29 48.3 1.2 0 0 27.60 0.85 5.01
8 0.0845 0.0021 0.963 0.017 5.750 0.049 14.95 0.70 27.68 0.72 5.97
9 0.626 0.014 7.69 0.16 42.62 0.89 0 0 27.70 0.75 5.54
10 0.796 0.019 9.70 0.16 54.39 0.48 0 0 27.74 0.71 5.61
11 0.1127 0.0028 1.394 0.025 7.412 0.062 6.30 0.46 27.86 0.73 5.32
12 0.718 0.017 8.86 0.21 47.8 1.0 0 0 27.98 0.78 5.39
13 0.03611 0.00087 0.4440 0.0078 2.368 0.020 1.795 0.092 28.00 0.72 5.33
14 0.567 0.014 7.31 0.11 35.64 0.30 28.36 0.96 28.04 0.71 4.88
15 0.01785 0.00044 0.2111 0.0047 1.199 0.016 1.006 0.066 28.07 0.77 5.68
16 0.548 0.012 6.74 0.15 36.31 0.77 0 0 28.07 0.76 5.39
17 0.03511 0.00086 0.4289 0.0085 2.298 0.025 1.74 0.10 28.10 0.75 5.36
18 1.087 0.026 13.81 0.29 70.0 1.5 0 0 28.12 0.80 5.07
19 0.549 0.013 6.90 0.14 35.58 0.72 0 0 28.13 0.79 5.15
20 0.0680 0.0016 0.839 0.014 4.384 0.044 3.75 0.22 28.16 0.72 5.22
21 0.03335 0.00081 0.4052 0.0081 2.179 0.022 1.76 0.10 28.19 0.74 5.38
22 0.707 0.017 8.92 0.14 43.89 0.38 70.3 4.2 28.22 0.72 4.92
23 1.599 0.038 19.00 0.40 107.7 2.5 0 0 28.25 0.82 5.67
24 1.144 0.027 14.22 0.25 74.1 1.2 0 0 28.31 0.76 5.21
25 0.1696 0.0041 2.075 0.033 10.93 0.10 7.78 0.45 28.34 0.72 5.27
26 0.2974 0.0071 3.637 0.060 19.14 0.18 14.91 0.58 28.35 0.72 5.26
27 0.2726 0.0065 3.48 0.11 17.18 0.48 0 0 28.36 0.90 4.93
28 0.0431 0.0010 0.5335 0.0092 2.723 0.023 2.27 0.12 28.44 0.73 5.10
29 0.843 0.021 10.84 0.22 52.51 0.95 0 0 28.47 0.79 4.85
30 0.02588 0.00065 0.3054 0.0061 1.699 0.021 1.310 0.091 28.48 0.78 5.56
31 0.1953 0.0047 2.366 0.066 12.75 0.37 0 0 28.51 0.89 5.39
32 0.549 0.013 6.78 0.14 35.22 0.62 0 0 28.55 0.79 5.19
33 0.0815 0.0020 0.982 0.017 5.180 0.046 4.59 0.21 28.69 0.74 5.28
34 2.826 0.067 30.07 0.60 200.2 6.7 0 0 28.72 0.93 6.66
35 0.453 0.011 5.549 0.089 27.48 0.24 59.2 5.1 28.78 0.73 4.95
36 0.06 0.00 0.697 0.012 3.476 0.031 2.02 0.11 28.87 0.75 4.99
37 0.1712 0.0041 2.215 0.037 9.993 0.079 11.09 0.63 28.97 0.74 4.51
38 0.846 0.019 10.22 0.29 53.8 1.6 0 0 28.97 0.88 5.26
39 0.438 0.011 5.46 0.10 26.79 0.53 0 0 29.15 0.85 4.90
40 0.0407 0.0010 0.4844 0.0088 2.439 0.028 5.93 0.42 29.24 0.76 5.03
41 0.3143 0.0075 4.00 0.10 17.44 0.75 0 0 30.32 1.0 4.36
28.12
MSWD 3.44
Dispersion 5.1%
Inverse-Variance Weighted Mean a
Table 2.2
Conventional (U-Th)/He dates of Fish Canyon tuff titanite.
 ± 0.22  2σ
a
 The inverse-variance weighted mean uncertainty has been expanded by multiplying by the square root of the MSWD.
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Table 2.5
Zircon (U-Th)/He Titanite (U-Th)/He 
4He 49% 46%
4He pit 14% 12%
238U  0.7% 1%
232Th  0.2% 2%
147Sm  - 0.02%
U-Th-Pb pit 16% 13%
238U concentration  
in standard
12% 13%
232Th concentration 
in standard
9% 13%
147Sm concentration 
in standard
- 0.6%
Total 100% 100%
Typical percent contributions of measurement uncertainties to Fish 
Canyon LADD dates. 
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12. Figures 
FIGURE 2.1
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FIGURE 2.2
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FIGURE 2.3 
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FIGURE 2.4 
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CHAPTER 3 
U/PB AND (U-TH-SM)/HE “DOUBLE” DATING OF DETRITAL APATITE BY 
LASER ABLATION: A CRITICAL EVALUATION  
1. Abstract 
Paired U/Pb and (U-Th-Sm)/He dating of individual detrital apatite crystals has 
potential as a valuable tool for constraining the high- and low-temperature thermal 
evolution of sediment source terrains. Here we present the results of exploratory 
applications of the laser ablation double-dating (LADD) method – originally developed 
for detrital zircon research – to the widely available Durango fluorapatite standard in 
order to evaluate the practicality of the method. Sixty-two laser-ablation analyses of a 
single large crystal of Durango fluorapatite yielded an inverse-variance weighted mean 
206Pb/238U date of 31.46 ± 0.48 Ma and an inverse-variance weighted mean 
(U-Th-Sm)/He date of 31.75 ± 0.60 Ma, both of which are in good agreement with 
previously published conventional dates. While these results are encouraging, several 
factors suggest that LADD may be less useful for detrital apatites than for detrital zircons 
given widely available analytical instrumentation. These principally reflect the propensity 
for apatites to have comparatively lower U+Th concentrations, and thus lower radiogenic 
He and Pb concentrations, as well as high concentrations of common Pb. These factors 
contribute to substantially higher analytical imprecision for most LADD U/Pb dates for 
apatite, occasionally too high for the dates to be geologically useful. Reasonably precise 
laser ablation (U-Th-Sm)/He dating of detrital apatites requires relatively large crystal 
sizes (≥ 100 μm in the shortest dimension), with the minimum useful size increasing with 
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decreasing (U-Th-Sm)/He apparent age. In contrast to the geological interpretation of 
LADD datasets for detrital zircons, the interpretation of datasets for detrital apatites is 
less straightforward. In particular, researchers should consider carefully the possibility 
that (U-Th-Sm)/He apparent age distributions are biased by the need to analyze only 
larger apatites. 
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2. Introduction 
Single-crystal geochronology and thermochronology are used extensively to 
explore the provenance of ancient and modern detritus, elucidate source-region 
exhumation histories, and reconstruct erosional processes at the catchment scale. In 
recent years, increased attention has been focused on the application of multiple 
chronometers to individual detrital minerals. For example, several studies have shown the 
value of integrated U/Pb and (U-Th)/He “double dating” of zircons (e.g., Campbell et al., 
2005; Reiners et al., 2005; Saylor et al., 2012; Xu et al., 2017), fission-track and 
(U-Th)/He double dating of apatites (e.g., Cox et al., 2010; Welke et al., 2016), and even 
“triple dating” of apatites with U/Pb, fission track, and (U-Th)/He methods (e.g., Carrapa 
et al., 2009; Tochilin et al., 2012; Glotzbach et al., 2018). 
New, laser ablation double dating (LADD) techniques have simplified U/Pb and 
(U-Th)/He double dating protocols for individual detrital zircons, increasing sample 
throughput and improving confidence in the interpretation of analytical results (Evans et 
al., 2015; Horne et al., 2016). Horne et al. (2016) also demonstrated the viability of the 
LADD approach for titanite, and extending the method to other minerals would be of 
great benefit to detrital studies. One mineral that has been proposed as a candidate for 
LADD work is apatite (e.g. Ehlers et al., 2015; Pickering et al., 2015). The ubiquity of 
apatite in a variety of rock types and its low (U-Th)/He closure temperature (ca. 55-80°C; 
Farley, 2000) make it a particularly appealing choice for evaluating near-surface 
exhumation of sediment source regions. Additionally, the implementation of coordinated 
laser ablation U/Pb dating of the same detrital apatite crystals would provide an enriched 
understanding of the thermal history of the material, enabling more robust definitions of 
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subpopulations that have experienced similar thermal histories. Through the comparison 
of U/Pb and (U-Th-Sm)/He dates of individual grains, the scope of interpreted thermal 
histories for the dated material would be enhanced, since the nominal closure temperature 
for apatite U/Pb is relatively high (ca. 425-500°C; Chamberlain and Bowring, 2000) 
compared to that of either apatite (U-Th-Sm)/He or zircon (U-Th)/He (ca. 171-196˚C; 
Reiners et al., 2004).  
In this contribution, we examine the viability of integrated laser ablation 
206Pb/238U and (U-Th-Sm)/He dating of apatite (ApPb and ApHe, respectively) using 
polished sections of a well-studied, widely available example of this mineral: Durango 
fluorapatite (Young et al., 1969). Known to be zoned in U + Th (Boyce and Hodges, 
2005), this apatite enabled us to evaluate how a range of parent isotope concentrations 
would impact the analytical results, and the size of available crystals provided the 
flexibility to ablate pits of a variety of depths and sizes. Our findings suggest that, while 
LADD is indeed a viable and potentially powerful tool, some common characteristics of 
apatite – particularly low parent element and high common Pb (Pbc) concentrations – can 
make practical applications challenging. 
3. Durango Fluorapatite 
Durango fluorapatite is a common age standard for fission track and (U-Th)/He 
dating. Sourced from the Cerro de Mercado iron mine, located outside of Durango, 
Mexico, it is thought to have crystallized during eruption of the Mercado Iron Member of 
the Chupaderos caldera complex (McDowell et al., 2005 and references therein). Since 
large crystals are easy to procure and many are free of inclusions (or nearly so), this 
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material has been widely used for fission track annealing studies (Green et al., 1985) and 
helium diffusion studies (Zeitler et al., 1987; Wolf et al., 1996; Farley, 2000; van Soest et 
al., 2011), in addition to being characterized via a variety of other analytical techniques 
(Young et al., 1969; Cherniak, 2000; Cherniak, 2005; Chew et al., 2016).  
ApPb dates for Durango fluorapatite are generally consistent with constraints on 
the age provided by bracketing tuffs. Published dates have been determined by laser 
ablation, inductively coupled plasma source mass spectrometry using single-collector 
(LA-ICPMS) or multicollector (LA-MC-ICPMS) instruments. Chew and Donelick 
(2012) reported a LA-ICPMS 206Pb/238U date of 33.0 ± 2.4 Ma. (All specific dates in this 
contribution are reported with 2σ uncertainties.) Thomson et al. (2012) showed that the 
precision obtained in LA-MC-ICPMS studies of Durango fluorapatite is strongly 
dependent on the sizes of the ablation pits used for analyte extraction; their best data, 
obtained using an ablation pit diameter of ca. 110 μm, indicated a 32.0 ± 3.1 Ma apparent 
age. More precise estimates, based on the inverse variance-weighted means of multiple 
206Pb/238U dates, were presented by Chew et al. (2014) and Cochrane et al. (2014): 32.2 ± 
0.51 Ma (n = 36; LA-ICPMS) and 31.08 ± 0.65 Ma (n = 12; LA-MC-ICPMS), 
respectively. All of these studies reported dates that were corrected for Pbc using either 
the Stacey and Kramers (1975) model or the 207Pb/206Pb isotopic compositions of co-
genetic feldspars.    
Many research groups who use Durango fluorapatite as a standard material have 
published ApHe dates for it incidentally in descriptions of their analytical protocols. Most 
cited dates fall in the range of 32 to 30 Ma  (e.g. House et al., 2000; Reiners and 
Nicolescu, 2006; Spiegel et al., 2009; Shan et al., 2013), and the results are typically 
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over-dispersed: the spread of dates is too large to be explained by analytical imprecision 
alone. The principal cause of this is most likely the parent isotope zoning characteristics 
of crystals from this material (Boyce and Hodges, 2005), which is not uncommon for 
apatite (Ault and Flowers, 2012). In the Group 18 Laboratories at Arizona State 
University, we also frequently use Durango apatite as an age standard for conventional 
(U-Th)/He applications. Our conventional data collected over the last decade indicate an 
inverse-variance weighted mean (U-Th-Sm)/He apparent age of 31.75 ± 0.16 Ma (n = 
630).  
4. Methods 
All Durango fluorapatite LADD analyses for this study were performed in the 
Group 18 Laboratories at Arizona State University. The laser ablation (U-Th)/He dating 
method was developed a little more than a decade ago and the first published results were 
on gem-quality monazite (Boyce et al., 2006). Subsequent studies, carried out on both 
monazite and zircon, have suggested improvements on or alternatives to the original 
protocols (Boyce et al., 2009; Vermeesch et al., 2012; Tripathy-Lang et al., 2013). 
Integrated laser ablation (U-Th)/He and LA-ICPMS U/Pb dating of the minerals zircon 
and titanite is an even more recent development (Evans et al., 2015; Horne et al., 2016). 
The LADD method requires two different laser ablation experiments: one to extract 4He 
in vacuuo for analysis using either a magnetic sector or quadrupole mass spectrometer 
(noble gas mass spectrometry, or NGMS); and one to extract material for U, Th, Sm, and 
Pb measurements using standard LA-ICPMS protocols. The distinctive LADD 
approaches described by Evans et al. (2015) and Horne et al. (2016) differ principally in 
the sizes and shapes of the two ablated pits. The Evans et al. (2015) procedure features 
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ablation of a large, shallow pit of material for NGMS 4He measurements, followed by 
ablation of a narrow, deep pit for U, Th, Sm, and Pb measurements by ICPMS. In 
contrast, the Horne et al. (2016) procedure features ablation of a much smaller and 
comparatively deeper pit for 4He measurements, followed by ablation of a larger, and 
even deeper, pit for U, Th, Sm, and Pb. We feel that the Horne et al. (2016) procedure 
offers some important advantages compared to the alternative method. The use of a small 
ablation footprint for 4He extraction allows us to position the extraction pit far enough 
away from the crystal margin to obviate the need for an alpha ejection correction (Farley 
et al., 1996; Hourigan et al., 2005), while the ablation of a larger, deeper, co-axial pit for 
the LA-ICPMS work minimizes the effect of complex, parent zoning on resulting 
(U-Th)/He dates (Tripathy-Lang et al., 2013). Figure 3.1 illustrates the notional 
geometries of the two ablation pits required for the Horne et al. (2016) method, and how 
they relate to the minimum practical crystal size (f) for LADD applications using this 
approach.  
The specific procedure used for the present study is substantively the same as that 
used by Horne et al. (2016) for zircon and titanite, modified only slightly for apatite 
applications. For the Durango fluorapatite experiments, a large, gem-quality crystal was 
cut into a series of ~ 2 mm-thick slabs, mounted in indium, and polished to ensure a 
uniform surface for the ablation experiments. Though the exterior portion of the crystal 
potentially affected by alpha-ejection was cut away from the slabs prior to mounting, we 
still polished ≥ 22.5 μm off from the crystal face, as typically done for LADD of smaller 
grains to ensure that no (U-Th-Sm)/He data would need to be corrected for alpha 
ejection, in contrast to the standard procedure for conventional (single-crystal) (U-Th)/He 
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analysis (Farley et al., 1996; Hourigan et al., 2005). Note that, in laser ablation (U-Th)/He 
analyses of smaller crystals, the same protocols are typically used (Tripathy-Lang et al., 
2013; Horne et al., 2016).  
LADD analyses began with the in vacuuo ablation of material from the interior of 
a target crystal using a Teledyne CETAC Analyte G2 laser ablation microprobe, which 
features an ArF (193 nm) excimer laser. Sample mounts were loaded into a one-inch 
round sample holder that was placed in a custom-built vacuum ablation cell equipped 
with a sapphire viewport that efficiently transmits the 193nm-wavelength energy of the 
laser. Radiogenic helium (4He) abundances in the evolved gasses were measured, after 
purification, by 3He isotope dilution NGMS using an ASI Alphachron, which features a 
small Pfeiffer-Balzers Prisma quadrupole mass spectrometer. For this project, we aimed 
to ablate helium pits with different volumes in Durango targets in order to evaluate how 
the magnitude of uncertainty in derived ApHe dates correlated with He abundance. To do 
so, we extracted helium from pits with three different diameters (designated d in Figure 
3.1b) – 40, 65, and 85 μm – and varied the number of laser pulses used for individual 
extractions between 50 and 300 to produce a range of pit depths. Following helium 
measurements, we used an ADE PhaseShift MicroXAM interferometric microscope to 
determine ablation pit volumes, which enabled the calculation of 4He concentrations for 
each crystal. Helium ablation pit volumes for Durango experiments varied by 
approximately one order of magnitude, from 5,728 to 55,972 μm3.  
The sample mounts were then transferred to a Teledyne CETAC HelEx two-
volume ablation cell in preparation for LA-ICPMS measurements of U, Th, Sm, and Pb. 
Coaxial with each He ablation pit, a new pit was ablated so that it had a diameter (e) 45 
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μm larger and a depth at least 22.5 μm deeper than the He pit (Figure 3.1b) to increase 
the likelihood that the U, Th, and Sm measurements are representative of the larger 
volume of apatite that contributed radiogenic helium to the NGMS pit through recoil 
redistribution (Boyce et al., 2006; Tripathy-Lang et al., 2013). 
All ICPMS measurements were made using a Thermo Scientific iCAP Q 
quadrupole mass spectrometer using Qtegra data acquisition software. To ensure precise 
measurements of isotopic ratios, as well as accurate calculations of U, Th, and Sm 
concentrations, we interspersed analyses of Durango unknowns with analyses of both 
MAD (Madagascan) apatite (Thomson et al., 2012; 485.3 ± 4.9 Ma) and a laboratory 
standard (Merelani apatite) for which we have determined U, Th, and Sm homogeneity 
(via LA–ICPMS mapping) and concentrations (via solution ICPMS with a 230Th and 235U 
spike; U = 22.73 ± 0.21 ppm, Th = 2.9 ± 0.1 ppm, Sm: 20.0 ± 2.0 ppm). The known 
isotopic concentrations of the Merelani apatite are used to normalize U, Th, and Sm 
measurements made from the unknown crystals during data reduction for apparent 
(U-Th)/He ages. To calculate U/Pb dates, the data were reduced using the UcomPbine 
(Chew et al., 2014) extension of the VizualAge data reduction scheme of Petrus and 
Kamber (2012). Both run within the Iolite software package (Paton et al., 2011). 
Following selection of time slices representative of the baseline for both standard 
analyses and unknown analyses, a smoothed cubic spline, down-hole correction model 
was developed for fractionation corrections based on the time-resolved signal response 
for the MAD standard. After baseline subtraction, this down-hole correction was applied 
to both the standards and the unknowns prior to correcting for Pbc. Though UcomPbine 
supports 204Pb, 207Pb, or 208Pb(no Th) Pbc correction strategies for each time-slice of the 
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standard data, we followed the approach of Andersen (2002) for Pbc corrections because 
it reproduced standard dates most accurately. The Andersen (2002) technique features an 
iterative model that relates Pb* to total Pb, Pbc present, crystallization age, an estimated 
age of Pb loss, and estimated Pb lost.  
In Section 7.1 below, we discuss additional laser ablation (U-Th)/He data that 
were obtained for apatites separated from the Fish Canyon tuff of southwestern Colorado 
(Gleadow et al., 2015). Note that those data were obtained using a modified version of 
the methods described in this section, but not the full LADD procedure. Both the Fish 
Canyon data and the modified procedure used to obtain them may be found in the 
Supplemental Materials. 
5. Laser Ablation ApHe Results 
Sixty-two LADD analyses of Durango apatite yielded ApHe dates between 
27.3 ± 1.9 and 38.4 ± 5.0 Ma (Figure 3.2a; Table 3.1).  Laboratory 2σ imprecision on 
individual ApHe analyses ranged from 6.5 to 13.0%, with an average of 8.3%. The 
inverse variance-weighted mean of all dates is 31.75 ± 0.33 Ma with a mean squared 
weighted deviation (MSWD) of 3.4. This value indicates over-dispersion of the dataset 
considering the number of dates used to calculate the mean (Wendt and Carl, 1991). One 
estimate of the magnitude of this dispersion can be calculated by dividing two inverse 
variance-weighted standard deviations of the population – not two standard deviations of 
the weighted mean – by the weighted mean date; expressed as a percentage, that value is 
15.0%. This level of dispersion, as well as the MSWD value, suggest that calculated 
uncertainty for the weighted mean under-represents the practical uncertainty that should 
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be used when interpreting the mean date.  Following common practice in isotope 
geochronology (Ludwig, 1991), we multiply the analytical 2σ uncertainty by MSWD0.5 
to arrive at our preferred estimate for the uncertainty on the weighted mean date 
(± 0.60 Ma). Our weighted mean date is statistically indistinguishable from other reported 
conventional ApHe dates for Durango fluorapatite (e.g. House et al., 2000; McDowell et 
al., 2005; Min et al., 2006; Reiners and Nicolescu, 2006; Shan et al., 2013), and almost 
exactly the same as the weighted mean for a much large number of conventional ApHe 
dates from our laboratory (see Section 45), albeit substantially less precise.  
6. Laser Ablation ApPb Results 
ApPb dates obtained for Durango fluorapatite using LADD protocols are 
illustrated in Figure 3.2b. Consistent with anticipated detrital sample applications of the 
method, we calculated and present only 206Pb/238U dates with laboratory uncertainties at 
the 2σ level that include propagated uncertainties in the Pbc correction as described in 
Section 5 above. Individual dates for the 62 experiments ranged from 29.3 ± 3.8 to 
35.6 ± 4.5 Ma, with a dispersion of about 8.0% (Table 3.1). Laboratory uncertainties 
range from 6.6 to 21.8% with an average of 13.4%. Collectively, the entire ApPb dataset 
yields an inverse variance-weighted mean date of 31.46 ± 0.48 Ma, with an MSWD = 
0.45, suggesting no excess scatter and thus no need for error expansion. This result is 
consistent, within analytical uncertainty, with previously published 206Pb/238U dates for 
Durango fluorapatite, as well as the McDowell et al. (2005) proposed age for the apatite 
(31.44 ± 0.18 Ma) based on 40Ar/39Ar data from bracketing tuffs. 
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7. Prospects for LADD of Detrital Apatites 
While the results presented in this manuscript demonstrate that laser ablation 
double dating of apatites works well, the practical applicability of this technique to 
detrital apatite studies depends on a number of factors. 
7.1 Analytical Challenges – ApHe  
Compared to detrital zircon, detrital apatite crystals are typically smaller and 
contain lower abundances of U and Th. Even though apatites can contain substantial Sm 
(e.g. Durango apatite: ~253 ppm; Chew et al., 2016), the longer half-life of Sm and lower 
abundance of 4He derived from 147Sm – compared to the abundance of 4He derived from 
U and Th decay – does not compensate for low U and Th abundances. Because of this, 
small crystals pose a challenge for LADD ApHe dating. The effect of 4He abundances on 
analytical imprecision is obvious from a plot such as that shown in Figure 3.3. Most 
Durango fluorapatite LADD ApHe dates obtained as part of our study have an associated 
2σ analytical uncertainty of between about 9.0 and 6.5%, decreasing slightly with 
increasing 4He abundance. However, percentage uncertainties increase dramatically and 
become less predictable for analytes containing less than about 3 x 108 atoms of 4He. In 
Figure 3.3, we have increased the resolution of this trend by including laser ablation 
ApHe data for apatite crystals from the Fish Canyon tuff (see Supplemental Materials in 
Appendix B.) Together, these data suggest that only analyte 4He abundances of ~3 x 108 
atoms or more would be expected to yield laser ablation ApHe dates with precision levels 
comparable to those previously reported for laser ablation (U-Th)/He zircon dates using 
similar protocols (Horne et al., 2016). 
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This threshold serves as a useful tool for predicting the characteristics of detrital 
apatites that might yield LADD ApHe dates with notionally acceptable uncertainties. The 
4He abundance in an NGMS pit depends on: 1) the concentrations of U, Th, and Sm in 
the apatite volume sampled from the ICPMS pit; 2) the elapsed time since the apatite 
interior effectively closed to daughter element diffusive loss; and 3) the NGMS and 
ICPMS pit volumes. Of these, only the pit volumes can be controlled by the analyst (to 
some extent), but the use of larger NGMS ablation pits to maximize the amount of 4He 
measured is constrained by the grain sizes of the analyzed apatites. As illustrated by 
Figure 3.1, the diameter and depth of the NGMS and ICPMS pits are geometrically 
related. The diameter of the ICPMS pit (e) is constrained to be 45 μm larger than the 
diameter of the NGMS pit (d), and the depth of the ICPMS pit is selected to be at least 
22.5 μm deeper than the NGMS pit. We find that uncertainties in the measurement of 
NGMS pit volumes by optical interferometry are minimized when the depth of these pits 
are no greater than half their diameters. Figure 3.1b illustrates how the depth of the 
ICPMS pit using these protocols also constrains the minimum size of an apatite crystal 
suitable for LADD. Our standard protocol is to mount apatite crystals on one of their 
hexagonal faces in TorrSeal with their c axes horizontal, and then to polish the crystal to 
remove ≥ 22.5 µm of the crystal surface impacted by alpha-ejection (confirmed by digital 
caliper measurements of the mount). In this configuration, the c axis lies within the plane 
of the polished surface (Figure 3.1). Assuming the common apatite crystal habit of an 
elongated hexagonal prism, the largest possible short dimension (f) of a crystal mounted 
in this way is the circumscribed diameter of a regular polygon shape as viewed in cross 
section perpendicular to the c direction. The largest possible analytical footprint of 
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ICPMS ablation pit consistent with our LADD protocols is considerably (roughly 35%) 
smaller than f due to the subsurface geometry of the ICPMS ablation pit and the crystal.  
Along with knowledge of the anticipated ApHe age and parent element 
concentrations, these geometric relationships can be used to estimate the minimum sizes 
of apatites appropriate for LADD dating (Figure 3.4). The horizontal axis in Figure 3.4 
represents a range of parent element concentrations using the effective uranium 
parameter (eU; Shuster et al., 2006; Flowers et al., 2007; Flowers et al., 2009) in a form 
which includes Sm: eU = [U] + 0.234[Th] + 0.00463[Sm], where the brackets illustrate 
concentrations in ppm (Reiners et al., 2018). The range of eU values shown here is 
derived from the compendium of U, Th, and Sm concentrations for a wide variety of 
apatites from different rock types and geologic settings (Reiners and Nicolescu, 2006). 
The logarithmic (base 10) vertical axis represents theoretical LADD ApHe dates. The 
curves shown here – calculated for NGMS analytes which should contain ~ 3 x 108 
atoms of 4He – represent boundaries between regions for which analyses are likely to 
yield ApHe dates with acceptably high analytical precision of < 9% of the ApHe date 
(above the curve) and regions below for which dates are unlikely to be precise. Each of 
the three curves shown here represent three different combinations of d, e, and f 
dimensions with relationships as required by the LADD method and described in the 
previous paragraph. For example, an apatite crystal with a relatively high eU of 150 ppm 
and a short dimension of 100 μm would only be expected to yield an ApHe date with a 
precision of better than 9% if that date was older than about 94 Ma. Reaching similar 
levels of precision for crystals with younger ApHe dates would require the use of larger 
ablation pits, which would – in turn – require dating larger crystals.    
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7.2 Analytical Challenges – ApPb  
As noted in several previous papers (e.g., Chew et al., 2011, 2014; Thomson et 
al., 2012; Cochrane et al., 2014), LA-ICPMS U/Pb dating of apatites is made problematic 
by the relatively low concentrations of radiogenic Pb (Pb*) and high concentrations of 
Pbc in many samples. Low concentrations of Pb* can, of course, reflect both the brevity 
of time elapsed since closure of the apatites to diffusive Pb loss as well as the typically 
low concentrations of the parent elements U and Th in apatites. It has been suggested that 
parent element concentrations in detrital apatites derived from low- to medium-grade 
metamorphic rocks are typically too low to be dated effectively by the LA-ICPMS 
method (Henrichs et al., 2018), and thus such apatites would be inappropriate for LADD. 
In addition to low parent element concentrations, crystals with high Th/U ratios, such as 
the Durango apatite, can be impacted by high 206Pb resulting from the decay of excess 
230Th incorporated during crystallization. This effect would manifest as 206Pb/238U dates 
that are older than the crystal’s corresponding 207Pb/235U or 208Pb/232Th apparent ages. 
Our LA-ICPMS analyses for Durango apatite are too imprecise to be able to deduce such 
a shift, but the potential for it must be appreciated in all LA-ICPMS studies of apatite.  
Even when sufficient Pb* makes LADD practical for detrital apatites, 
uncertainties associated with the Pbc correction can affect the precision of the results. 
Several approaches to correcting LA-ICPMS U/Pb data for Pbc have been proposed (e.g., 
Stacey and Kramer, 1975; Housh and Bowring, 1991; Ludwig, 1998; Williams, 1998; 
Andersen, 2002; Horstwood et al., 2003; Wohlgemuth-Ueberwasser et al., 2017). Some 
require the analysis of co-genetic, low-Pb* phases like feldspar, or alternatively the 
analysis of multiple, co-genetic crystals of the target dating material; however, these 
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approaches are unsuitable for correcting for Pbc in individual detrital apatites. For our 
proof-of-concept study of Durango fluorapatite, we did not rely on measurements of 
204Pb as have other research groups using multicollector ICPMS instruments (e.g., 
Horstwood et al., 2003; Thomson et al., 2012) because our single-collector iCAP Q 
ICPMS would have required the use of very long dwell times, and because it was 
unlikely that we could successfully correct the mass/charge 204 signal for isobaric 204Hg 
contamination in the carrier gas. As a consequence, we relied on the approach outlined by 
Andersen (2002), as noted in Section 4 above. If a multicollector instrument is available 
and the scheduling demands are appropriate for a detrital study, it is likely that a 204Pb-
based correction scheme might lead to at least marginally more accurate apparent age 
determinations (Thomson et al., 2012; Horstwood et al., 2003). However, regardless of 
one’s choice of Pbc correction strategy, the propagation of uncertainties associated with 
that correction compound the relatively high measurement uncertainties for small 
quantities of U, Th, Pb* in typical apatites to make truly precise LA-ICPMS U/Pb dating 
of detrital apatites an aspirational goal that is only seldom realized.  
In our experience, individual LADD U/Pb dates for zircons are much more 
precise than those for apatites. For example, the average uncertainty for individual LADD 
ApPb dates of the Oligocene Durango fluorapatite (13.4%) is much higher than that for 
LADD U/Pb dates for zircons from the somewhat younger Fish Canyon tuff (2.7%; 
Horne et al., 2016).  
Similarly high – and sometimes much higher – apparent age uncertainties have 
been reported by others using single-collector instruments for laser ablation dating of 
individual detrital apatites (e.g., Lease et al., 2016; Mark et al., 2016; O’Sullivan et al., 
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2016), so high uncertainties are not specific to LADD protocols for U/Pb dating. Lease et 
al. (2016), Mark et al. (2016), and O’Sullivan et al. (2016) all used a Pbc correction 
strategy different from ours, suggesting that high uncertainties are to be anticipated 
regardless of one’s choice of correction strategy. This inference is supported by LA-MC-
ICPMS 206Pb/238U dates for individual detrital apatites obtained by Thomson et al. (2012) 
and Olivetti et al. (2015) using precise 204Pb measurements for Pbc correction; their 
percentage uncertainties for each laser ablation spot were similar to ours for the Durango 
fluorapatite, although their spot sizes were smaller than practical for LADD analyses 
because ApHe dating requires larger ablation pits to account adequately for alpha 
redistribution during parent isotope decay. Thomson et al. (2012) also found that pooling 
the results for several small spots in individual, old (≥ 500 Ma) detrital crystals could 
improve precision levels to < 4%, but this strategy is impractical for LADD.  
7.3 Implications  
The above analytical challenges may impose significant limitations on the value 
of the LADD technique for some detrital apatite studies. In our experience, river sands 
and clastic sedimentary rocks contain detrital apatites with a significant range of sizes. 
Most conventional (U-Th-Sm)/He studies of detrital apatite focus on large crystals – 
often having long dimensions in excess of 100 μm (e.g., Duvall et al., 2012; Ehlers et al., 
2015) – in order to minimize the effects of alpha ejection on the ApHe dates that are 
problematic for smaller crystals with higher surface area/volume ratios. Unfortunately, 
this practice biases the results of a detrital study toward source rocks containing larger 
apatites. This problem would be exacerbated by the need to focus on even lager crystal 
sizes for laser ablation ApHe dating in order to achieve ≤ 9% precision (Figure 3.4). 
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However, unlike the conventional approach to the (U-Th)/He dating of detrital apatites, 
the laser ablation technique described here would enable the dating of broken or abraded 
crystals otherwise avoided when selecting crystals for conventional work. This could 
prove immensely valuable depending on the sample and the motivation behind the 
analytical work. For example, studies designed to use detrital thermochronology to 
explore variations in erosion rates within active catchments (e.g., Stock et al., 2006; 
Tranel et al., 2011; Ehlers et al., 2015; Braun et al., 2018; Glotzbach et al., 2018) could 
be strongly biased towards sediment derived proximal to sampling localities as a 
consequence of the short lifetime of detrital apatite (Kowalewski and Rimstidt, 2003; 
Reiners et al., 2007). The ability to date broken and abraded crystals derived from further 
upstream could reduce such biases. However, the need to use especially large crystals for 
successful LADD work on young apatites makes the technique generally unattractive for 
studies conducted in active orogenic systems where a preponderance of detrital apatites 
may be eroded from landscapes characterized by late Cenozoic ApHe dates (e.g., Herman 
et al., 2009; Qiu et al., 2012; Levina et al., 2014). 
While crystal size is less of a concern for ApPb dating in the context of the LADD 
method, the high Pbc/Pb* ratios of many apatites ensure that such dates for individual 
detrital crystals are likely to be imprecise. Whether or not such uncertainties are 
acceptable depends on the nature of a specific study. If the goal is to broadly constrain 
the high-temperature cooling histories or potential source regions with dramatically 
different histories, detrital ApPb datasets may be valuable regardless of data imprecision 
(e.g., Vermeesch, 2018). On the other hand, many catchment-scale detrital studies depend 
on fingerprinting source rocks with only subtle differences in cooling or crystallization 
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ages for specific chronometers. In these instances, the magnitudes of uncertainties on 
individual ApPb or ApHe analyses strongly influence the scientific value of a study. 
Ultimately, we suggest that LADD is likely to be a more valuable protocol for regional 
detrital apatite studies than for catchment-scale studies.  
7.4 Future Prospects  
While above-mentioned analytical challenges limit the universal applicability of 
LADD to detrital apatites at present, advancements in analytical protocols and 
instrumental capability may substantially extend the utility of the technique in the future. 
LA-ICPMS protocols for U/Pb dating of apatite are well-developed at this point (e.g., 
Thomson et al., 2012; Chew et al., 2014), and it may be difficult to substantially improve 
the precision of LADD U/Pb apatite dates in the near future. However, comparatively 
little work has been focused on improving the precision of mass spectrometric 
measurements of 4He and thus LADD (U-Th)/He dates. Although most published 
(U-Th)/He dating studies have relied on helium isotopic measurements made using a 
small quadrupole mass spectrometer, work on LADD procedures (e.g., Tripathy-Lang et 
al., 2013) suggests that more precise measurements require using magnetic sector, gas 
source mass spectrometers. (Much of the improvement in analytical precision reflects 
better stability of system blanks for magnetic sector instruments.) Moreover, recent 
advances in source and collector electronics suggest that a new class of magnetic sector 
instruments may offer better sensitivity, lower backgrounds, and higher analytical 
precision on noble gas isotopic abundances. As such technologies emerge, the LADD 
approach may be more widely applicable for detrital apatite studies. 
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8. Conclusions 
We have shown here that essentially the same LADD technique previously used 
for dating detrital zircon and titanite crystals can also yield accurate and reasonably 
precise U/Pb and (U-Th-Sm)/He cooling dates for individual detrital apatite crystals 
under certain circumstances. The essential viability of the technique is demonstrated by 
detailed study of the Durango fluorapatite standard. Protocols described in this 
contribution yielded inverse variance-weighted mean 206Pb/238U and (U-Th)/He dates that 
are statistically indistinguishable from published estimates obtained through previously 
established analytical approaches. As is the case for monazite, titanite, and zircon (Boyce 
et al., 2006; Boyce et al., 2009; Tripathy-Lang et al., 2013; Evans et al., 2015; Horne et 
al., 2016), laser ablation (U-Th-Sm)/He dating of apatite yields lower precision results 
than conventional, single-crystal dating. This largely reflects the much smaller quantities 
of radiogenic 4He in laser ablation analytes. Individual apatite ApPb dates obtained using 
the LADD protocols described here have uncertainties similar to those obtained using 
established LA-ICPMS protocols for U/Pb dating (Thomson et al., 2012; Chew et al., 
2014). However, the low concentrations of parent elements and high concentrations of 
Pbc in apatites pose significant challenges for detrital apatite dating because of the need 
for precise Pbc corrections. Several of the most popular procedures for constraining Pbc in 
apatites (e.g., measurements of Pb in co-genetic feldspars, analyzing Pb data for multiple, 
co-genetic apatites using isotope correlation diagrams) are not viable for individual 
detrital apatites. Thus, LA-ICPMS dates for detrital apatites are significantly less precise, 
in general, than those for detrital zircon. LADD protocols do not appear to improve ApPb 
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precision levels, regardless of the fact that LADD analyte volumes are substantially 
larger than those for most studies that focus solely on U/Pb dating of apatite. 
Previous, focused (U-Th-Sm)/He studies of detrital apatite have employed 
conventional analytical techniques that do not permit geochemical or structural 
characterization of the crystal prior to or during isotopic analysis. Current ApPb and 
ApHe double dating protocols offer the opportunity for additional trace element 
characterization concurrent with ICPMS measurements of U, Th, Sm, and Pb. Although 
such information can provide useful source-region diagnostics (e.g., Malusà et al., 2017), 
most researchers have not taken advantage of this, probably because of the widespread 
use of mass spectrometers that do not easily accommodate the rapid measurement of a 
broad range of elements. The protocols described here – featuring the use of a quadrupole 
mass spectrometer, which permits rapid multi-elemental analysis – invites routine 
geochemical characterization of apatites during the ICPMS analysis portion of the LADD 
procedure.  
Compared to zircon, the utility of apatite for detrital studies is more limited. It is 
likely that all detrital apatite thermochronologic studies are biased to some extent by the 
need to focus exclusively on crystals large enough to contain sufficient radiogenic He and 
Pb, or U-rich enough to present sufficient fission-tracks, in order to enable reasonably 
precise dating. Unfortunately, laser ablation protocols increase the probability of bias in 
ApHe datasets by requiring even larger crystals – especially for late Cenozoic apatites – 
to produce acceptable analytical precision for many basin-scale studies. The most 
informative applications of apatite LADD will be to regional-scale problems for which 
high levels of imprecision are tolerable.
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9. Figure Captions 
Figure 3.1. Illustrates the relative geometry of the two ablation pits analyzed for LADD, 
shown both in plan view (a) and cross sectional view (b; x to x’ from 1a). In 1b, length d 
represents the diameter of the He pit, length e represents the diameter of the U + Th + Sm 
pit, and length f represents the largest possible short dimension of a mounted crystal. 
NGMS: Noble Gas Mass Spectrometry, ICPMS: Inductively-Coupled Plasma Mass 
Spectrometry.  
 
Figure 3.2. Laser ablation (U-Th-Sm)/He (a) and U/Pb (b) dates for the Durango 
fluorapatite obtained via the LADD technique. Each vertical black bar represents a spot 
ablated for LADD dating in our large fluorapatite crystal. The bars are centered on the 
calculated apparent age and their height indicates the 2σ (ca. 95% confidence) analytical 
uncertainty. Light grey horizontal bars highlight the 2σ bounds for the inverse-variance 
weighted mean of each data set, while the darker grey horizontal bars illustrate the 
dispersion of the data set calculated as ± 2σ of the sample population relative to the 
inverse-variance weighted mean.  
 
Figure 3.3. The impact of 4He abundance on analytical precision. The magnitude of 
analytical uncertainty (% of the result (U-Th-Sm)/He date) is plotted against the 
measured 4He abundance (atoms). A compilation of data from both Durango fluorapatite 
and Fish Canyon Tuff apatite show the presence of a threshold analyte 4He abundance of 
~3 x 108 atoms above which the laser ablation technique yields (U-Th-Sm)/He dates with 
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precision comparable to the results of laser ablation (U-Th)/He zircon dates using similar 
protocols (Horne et al., 2016). 
 
Figure 3.4. Illustrates the correlation between analytical imprecision, apatite 
(U-Th -Sm)/He date (ApHe), effective uranium concentration (eU), and ablated pit 
geometries (described by measurements d, e, and f from Figure 3.1) for analytes 
containing ~ 3 x 108 atoms of 4He (the approximate threshold amount defined in Figure 
3.3 measured to obtain ApHe dates with analytical uncertainty <9%). The vertical axes 
represent measured laser ablation ApHe dates on a logarithmic (base 10) scale. Each 
curve is labeled by the represented ablation pit geometry and defines a boundary between 
tolerable analytical precision (<9% of the ApHe date; region above each curve) and 
combinations of eU and cooling age that are unlikely to yield precise dates (below each 
curve). Reaching similar levels of precision for crystals with younger ApHe dates 
requires the use of larger ablation pits (i.e. larger crystals).
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12. Figures 
FIGURE 3.1 
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FIGURE 3.2 
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FIGURE 3.3 
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FIGURE 3.4 
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CHAPTER 4 
ESTIMATING EXHUMATION FROM BEDROCK AND DETRITAL 
THERMOCHRONOLOGIC DATASETS: OVERCOMING SAMPLE INADEQUECY 
IN THE SOUTHEASTERN SIERRA NEVADA, CALIFORNIA 
1. Abstract  
Both bedrock and detrital thermochronologic datasets are commonly used to 
derive regional exhumation rates. With bedrock methods, samples collected at various 
elevations are analyzed to produce apparent age vs. elevation trends, in which linear 
correlations are used to infer exhumation over the temporal interval of the dataset. Fluvial 
detritus can also be analyzed, and the range of cooling ages interpreted to estimate long-
term, catchment-wide erosion rates. Here we use zircon (U-Th)/He datasets obtained 
from four small catchments in the southeastern Sierra Nevada to illustrate the hazards and 
benefits of both methods and their potentially imprecise and uninformative appraisals of 
the regional tectonic history. Our bedrock analyses yielded dates extremely over-
dispersed that show indistinct variation in apparent age as a function of sample elevation. 
These results make it impossible to use traditional apparent age-elevation approaches to 
extract meaningful exhumation rates for any of the study areas. Conversely, the detrital 
data collected provided the opportunity to calculate viable exhumation rates from the 
samples. Our data suggest modest exhumation of the southeastern Sierra Nevada at 
~ 0.03 - 0.06 mm/a between ca. 40 and 85 Ma, confirming previously published regional 
estimates. Considering these findings, we review the conditions under which bedrock or 
detrital datasets are most likely to yield geologically useful estimates of catchment-scale 
  96 
exhumation rates and suggest that estimates derived from detrital samples are likely to be 
more strategic for regional reconnaissance studies.
  97 
2. Introduction  
Thermochronologic methods are a useful means of tracking the exhumation of a 
rock mass through the upper crust. Assuming a monotonic increase in temperature with 
depth, vertical exhumation, and subhorizontal isotherms, we can predict that the cooling 
ages of minerals collected from outcrops at higher elevations should be older than those 
of minerals from lower elevations. Making further assumptions regarding the structure of 
isotherms at depth and how that structure might change with time, interpretations of 
cooling age as a function of elevation can be used to infer exhumation rate and can 
occasionally provide evidence for the timing of tectonically or climatically driven 
changes in exhumation (e.g. Sweetkind and Duncan, 1988; Eusden and Lux, 1994; 
Fitzgerald et al., 1995; Crowley et al., 2002; Reiners et al., 2003; Thiede et al., 2004; 
Braun, 2005; Thomson et al., 2010; Valla et al., 2011; Willett and Brandon, 2013; Zhang 
et al., 2016). However, problems of accessibility, or a paucity of reachable outcrop, can 
hinder this approach, and many commonly used thermochronometers can yield 
substantially over-dispersed, imprecise dates. In such cases, apparent age vs. elevation 
correlations may be very poorly constrained and any changes in exhumation obscured.  
An alternative method, detrital mineral thermochronology, can presumably 
overcome the logistical challenge of procuring samples from inaccessible terrain. Though 
detrital techniques have been widely used to explore the general provenance of 
sedimentary rocks and the thermal histories of their source regions (e.g. Cerveny et al. 
1988; Lonergan and Johnson, 1998; Copeland and Harrison, 1990; Garver and Brandon, 
1994; von Eynatten et al., 1999; White et al., 2002; Carrapa et al., 2003; Najman, 2006), 
fewer studies have been done using sediment from active catchments. Of these, many 
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have focused on estimating discrepancies in long-term erosion rates across catchments of 
high-order fluvial systems (Wobus et al., 2003; Bernet et al., 2004; Brewer et al., 2006; 
Braun et al., 2018) or in glacial outwash systems (Thompson et al., 2013; Enkelmann and 
Ehlers, 2015; Ehlers et al., 2015). Additionally, studies of smaller catchments have 
provided useful information regarding the detailed dynamics of active erosion (Stock et 
al., 2006; Vermeesch, 2007; Tranel et al., 2011; Riebe et al., 2015) and combined studies 
of several such catchments across a region have been used to elucidate how erosion, 
surface uplift, and exhumation vary across space and time (Brewer et al., 2003; Ruhl and 
Hodges, 2005; Wobus et al., 2006; McPhillips and Brandon, 2010). However, many 
questions remain regarding how best to use detrital data to deduce representative, 
catchment-averaged erosion rates, and how reproducible results are among nearby 
catchments.   
New (U-Th)/He zircon (ZrnHe) results for detrital and bedrock samples collected 
from nearby catchments in the southeastern Sierra Nevada of California (Figure 4.1) 
illustrate how a bedrock transect method – as commonly applied – can yield imprecise 
and consequently uninformative estimates of exhumation rate, while a detrital sampling 
approach can produce broadly accurate, though not particularly precise, evaluation of 
regional exhumation. These findings help illustrate the circumstances under which either 
method is more likely to perform better and we ultimately conclude that the potential 
problems associated with the two methods as commonly applied may make them less 
valuable than studies that apply a suite of thermochronometers with different closure 
behavior to individual bedrock or detrital samples.  
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3. Deriving Exhumation Rate from Thermochronologic Data 
Many workers have developed methods by which to estimate the rate of landscape 
exhumation from thermochronologic data. The conceptual basis for all these techniques is 
that a vertical column of exhumed bedrock will contain progressively younger ages down 
section. As shown by Stock and Montgomery (1996), the existence of such an apparent 
age configuration in the landscape is a function of the magnitude of local relief, the rate 
at which the landscape has been (and is being) exhumed, and the existence of a 
horizontal, steady-state isotherm. In addition to these factors, the overall precision of 
exhumation rates calculated from an apparent age-elevation transect is also governed by 
the range of elevations sampled by the bedrock transect and the precision of the dates 
each sample yields. With this framework in mind, thermochronologic dates from bedrock 
samples collected over a range of elevations have been used to construct “age-elevation 
relationships” (AER), where the slope of a simple, least-squares linear regression through 
each inverse-variance weighted mean date is used to estimate exhumation rate (e.g. 
Wagner et al., 1977; Benjamin et al., 1987; Gleadow et al., 1984; Brown et al., 1991; 
Fitzgerald et al., 1995; etc.). Generally speaking, the expectation is that the slope of this 
line is positive, such that the apparent cooling ages increase with elevation; however, 
changes in surface relief following exhumation can tilt or invert the slope of the 
correlation (e.g. Braun, 2002).  
Given the difficulty of obtaining bedrock samples from some landscapes, a 
substantial amount of work has been done to develop methods by which to invert “detrital 
mineral thermochronologic distributions” (DMTD) for nominal exhumation rates. While 
DMTDs can be beneficial for interpreting regional and temporal variability in erosion 
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(e.g. Wobus et al., 2003; Bernet et al., 2004; Brewer et al., 2006; Stock et al., 2006; 
Vermeesch, 2007; Tranel et al., 2011; Riebe et al., 2015; Braun et al., 2018), using 
detrital datasets to calculate exhumation rate relies on a larger set of assumptions than 
utilizing a bedrock derived AER. 
Inherent to DMTD approaches are assumptions of: (1) spatially uniform modern 
surface erosion; (2) uniform fertility of target minerals throughout the sediment source 
area; (3) no significant periods of sediment storage within the basin (> 105 years); and (4) 
an adequate sampling of the local bedrock by the analyzed detritus (e.g. Duvall et al., 
2012). Beyond these expectations, each method that has been developed relies on the 
validity of additional parameters. For example, Brewer and coworkers (2003 and 2006) 
assumed a modeled closure temperature isotherm as a function of the local bedrock’s 
thermal properties. From this model, they then estimated erosion rate and used the 
resulting apparent AER and catchment hypsometry to build synthetic detrital mineral 
distributions that were compared to the measured DMTD. Aside from interpreted thermal 
assumptions, this model also relies on the supposition that erosion in the basin has been 
constant from the time of mineral closure to the present. Alternatively, Ruhl and Hodges 
(2005) presented a method by which the ratio of catchment relief to the temporal range of 
dates in the DMTD was used to calculate a nominal exhumation rate. (For simplicity, we 
will refer to this as the “detrital mineral thermochronologic distribution: Ruhl” approach 
or “DMTD-R” throughout this manuscript). Though this approach permits assessments of 
the reliability of the array of assumptions behind the estimated exhumation rate, it still 
assumes that erosion was constant both through the closure isotherm as well as across the 
modern landscape.  
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Though other studies have sought to appraise how well the AER and DMTD 
methods corroborate one another in a single drainage, we wanted to further evaluate these 
approaches in multiple catchments with similar bedrock geology distributed along the 
southeastern Sierra Nevada range front. Our expectation was that, as a consequence, the 
two methods would yield consistent results.  
4. Case-Study Background: Regional Geology of the Sierra Nevada 
The Sierra Nevada batholith is part of a larger belt of calc-alkaline granitoid 
intrusions that can be traced > 4000 km along western North America. These intrusions 
represent ancient continental arc magmatism that initiated in the Late Triassic, with key 
periods of crustal magmatism occurring in the Late Jurassic and Late Cretaceous (Ducea, 
2001). Preexisting country rock includes sedimentary and volcanic material from the 
Paleozoic and early Mesozoic, some of which has experienced subsequent metamorphism 
during batholith construction (Bateman and Wahrhaftig, 1966; Bateman and Eaton, 1967; 
Saleeby, 1999). 
The Sierra Nevada batholith underlies most of a N-S trending mountain range of 
the same name. To the west, the Sierra Nevada mountain range is bounded by a deep 
structural basin (the Great Valley) and physiographically, the range takes the form of a 
west-dipping fault block. The western flank gradually gains both elevation and relief 
eastward to the extent that some of the highest mountains in the continental United States 
are found along the Sierra Nevada range crest. East of the crest, the range is contrastingly 
narrow and steep, with a dramatic drop in elevation associated with the normal fault 
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escarpments of the Sierra Nevada Frontal Fault Zone. These structures and the adjacent 
Owens Valley basin serve as the western margin of the Basin and Range Province.  
A substantial amount of evidence suggests that the northern and southern portions 
of the Sierra Nevada mountain range have experienced different topographic histories 
(e.g. Ducea and Saleeby, 1998; Saleeby et al., 2003; Zandt et al., 2004; Frassetto et al., 
2011; Lechler and Niemi, 2011; Gilbert et al., 2012; Levandowski et al., 2013); however, 
thermochronology has revealed similar long-term unroofing histories in both regions 
(Cecil et al., 2006). Several schools (and sub-schools) of thought have developed on the 
overall uplift history of the Sierra Nevada. Many have argued for kilometers of elevation 
gain since the Late Cenozoic (e.g. Le Conte, 1886; Lindgren, 1911; Huber, 1981) that 
was either driven fundamentally by tectonics (Unruh, 1991; Wakabayashi and Sawyer, 
2001; Jones et al., 2004) or climate (Small and Anderson, 1995). However, low-
temperature thermochronology, oxygen and hydrogen isotope records, and facets of 
landscape morphology have been interpreted as evidence for a high Sierra Nevada in the 
Late Cretaceous that has experienced a net decline in relief since that time (House et al., 
1997; House et al., 1998; House et al., 2001; Poage and Chamberlain, 2002; Mulch et al., 
2006; Mulch et al., 2008; Cassel et al., 2009; Hren et al., 2010; Cassel et al., 2012). 
Though the details are debated, the most integrative hypotheses feature a polyphase uplift 
history that includes development of a low-relief highland in the Late Cretaceous, 
followed by multiple uplift events since the Oligocene (e.g. Clark et al., 2005; Stock et 
al., 2005; Pelletier, 2007; Maheo et al., 2009; McPhillips and Brandon, 2012). 
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5. Catchment geology and physiography 
Many catchments along the eastern side of the Sierra Nevada exhibit 
characteristics advantageous for thermochronologic studies such as: (1) steep topography 
and high relief to facilitate use of the AER approach; (2) limited lithologic variability, to 
minimize point-source biasing from mineral fertility in exposed units within the 
catchment when conducting DMTD studies; (3) fertile granites and granodiorites, to 
provide an abundance of zircon and other datable minerals; (4) relatively simple geologic 
structure within the basins; and (5) accessible terrain, to allow for sampling both modern 
fluvial detritus as well as bedrock transects. With these considerations in mind, we 
focused on four catchments in the southeastern portion of the range, south of Mount 
Whitney (Figures 4.1-4.3). While modern peak elevations in the Sierra Nevada are 
typically described as increasing southward, our catchments are far enough to the south 
that the opposite is true. Peak elevation, relief, and ratio of exposed bedrock to soil-
mantled area decrease from our northernmost catchment (Tuttle Creek) to our 
southernmost catchment (9 Mile Canyon). Below we describe the geology and 
physiography of each, from north to south.  
5.1 Tuttle Creek Catchment 
Unlike the other drainages targeted for this study, the Tuttle Creek catchment, 
roughly 5 km south of Mount Whitney (Figure 4.1), shows evidence of prior glaciation. 
Relief in the basin is approximately 1.9 km with a catchment area of ~ 16 km2. We chose 
to work in the southern tributary of the creek, and therefore define the low point of the 
catchment at the elevation from which we collected the sample of modern fluvial detritus, 
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2344 m elevation. The highest elevation in the drainage area is approximately 4268 m 
high and the mode elevation (elevation with the highest surface area in the catchment) is 
at 3700 m (Figure 4.2a).  
Only one rock unit is exposed in the Tuttle Creek catchment, the Whitney 
Granodiorite, though the catchment includes Pleistocene glacial deposits (with interpreted 
affinities to both the Tahoe and Tioga glaciations) that covers approximately 7% of the 
drainage area (Stone et al., 2000; Figure 4.3a). The Whitney Granodiorite is part of, and 
centrally “nested” within, a family of plutons referred to as the Mount Whitney Intrusive 
Suite (MWIS). It is the youngest and most felsic of the three units in the MWIS, and 
contains hornblende, biotite, and alkali-feldspar megacrysts, as well as distributed 
enclaves of quartz diorites and sub-horizontal sheets of leucogranite. The unit shows 
concentric compositional zoning and is interpreted to have been emplaced laterally at ~10 
km depth after migration along fractures related to an extensional stepover zone adjacent 
to the Sierra Crest shear zone (Hirt, 2007). Recently published zircon U/Pb 
geochronology of this unit is consistent with previous estimates, indicating emplacement 
at ca. 85 Ma (McAtamney et al., 2014).  
5.2 Wonoga Pass Catchment 
The Wonoga Pass catchment is roughly 10 km south of Tuttle Creek (Figure 4.1). 
It drains an area of approximately 9.8 km2 and has 1.6 km of local relief. The minimum 
elevation (detrital sampling elevation) is 1156 m, the maximum elevation is 3164 m, and 
the mode elevation in the catchment is 2550 m (Figure 4.2c). The catchment is 
predominantly underlain by the same MWIS unit pervasive in the Tuttle Creek 
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catchment, the Whitney Granodiorite (Figure 4.3b). A small fraction of the basin contains 
outcrop of the Granite of Carroll Creek (a locally porphyritic, coarse-grained rock, with 
biotite and hornblende) and approximately 5% of the area shows exposure of the Plutonic 
Breccia of Timosea Peak (a relatively complex intrusive rock, with cross cutting aplite, 
granodiorite, and mafic enclaves; du Bray and Moore, 1985). We are unaware of 
geochronologic constraints on either the Granite of Carroll Creek or the Plutonic Breccia 
of Timosea Peak. 
5.3 Olancha Pass Catchment 
Approximately 28 km south of the Wonoga Pass drainage is our third catchment, 
Olancha Pass (Figure 4.1). The creek that runs down this small catchment drains ~ 4.6 
km2 with about 1.2 km of relief between a minimum elevation of 1778 m and a maximum 
of 2954 m. The drainage has a rather irregular curved “s” shape (Figure 4.3c) and a 
broad-toped hypsometric curve with two distinctive modal elevations, 2450 m and 
2800 m (Figure 4.2e). The Olancha Pass area has not been mapped extensively since 
regional mapping exercises were conducted there in the 1960’s (Matthews and Burnett, 
1965), but the primary lithologic unit exposed is an un-named granodiorite containing 
hornblende and biotite (Figure 4.3c). Less than 5% of the overall surface exposure in the 
catchment can be described as a Pre-Cretaceous metamorphic screen. We are unaware of 
any previously published dates from the bedrock in this drainage area. 
5.4 9 Mile Canyon Catchment 
Our southern-most catchment, 9 Mile Canyon, is about 43 km to the south of the 
Olancha Pass catchment (Figure 4.1). It is also the largest, draining ~ 41.3 km2, and has 
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1.4 km of local relief. The minimum elevation for the catchment is 1024 m, the maximum 
is 2439 m, and the mode elevation is 1600 m (Figure 4.2g). Based on mapping conducted 
by Ross (1990), granodiorite underlies more than 90% of the catchment.  Most of this 
bedrock was mapped as the Granodiorite of Sacatar, though there is exposure of the 
Granodiorite of Castle Rock in the upper southwest corner of the basin (Figure 4.3d). The 
remaining area includes a small outcrop of the Summit Gabbro and a perched deposit of 
quaternary alluvium (Ross, 1990). The Granodiorite of Sacatar is a Jurassic unit, 
containing biotite, hornblende and ~15% potassium feldspar. It is, in part, porphyritic, 
with varied grain sizes and locally includes miscellaneous felsic bodies of inferred 
Cretaceous age as well as mafic, lamprophyric dikes related to the ~148 Ma 
Independence dike swarm (Chen and Moore, 1979). An unpublished Rb/Sr isochron date 
of 177.4 ± 4.9 Ma was reported as personal communication to Ross (1990). (All 
uncertainties in apparent ages quoted in this manuscript reflect a 2σ, ca. 95% confidence 
level). The Castle Rock unit is a porphyritic granodiorite, with pink potassium feldspars, 
and plots modally close to a granite in composition. duBray and Dellinger (1981) 
interpreted it to be correlative with the granite of White Mountain. K/Ar dates range from 
77.4 ± 1.0 Ma to 83.5 ± 1.1 Ma (Everden and Kistler, 1970; Kistler and Peterman, 1978; 
N.B. these dates have been recalculated to reflect updated decay constants reported by 
Renne et al. (2011) and K isotopic abundances from Bohlke and coworkers (2005) using 
the software package ArAR by Mercer and Hodges (2016)).  
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5.5 Previous Low-Temperature Thermochronology and Exhumation Rate 
Estimates for the Sierra Nevada 
Given our choice in thermochronometer, our data will be most informative about 
the earlier unroofing history of the Sierra Nevada, prior to any exhumation that may have 
occurred during uplift in the late Miocene or more recently. Published data broadly 
indicates rates between ~ 0.03 and 0.1 mm/a between 100 and 20 Ma. House and others 
(2001) obtained apatite (U-Th)/He dates from bedrock samples collected west of the 
range crest as well as a transect of bedrock samples collected on the eastern slope of 
Mount Whitney; assuming a uniform geothermal gradient, they interpreted denudation 
rates broadly between ~ 0.04 and 0.15 mm/a between 100 Ma and 45 Ma, with rates 
deceasing to roughly 0.04 mm/a at approximately 70 Ma. Other bedrock apatite 
(U-Th)/He dates from south of Mount Whitney have also indicated similar exhumation 
rates of 0.04 to 0.06 mm/a between 73 Ma and 47 Ma to the west of the range crest and 
between 53 Ma and 11 Ma to the east (Clark et al., 2005).  
In the northern Sierra Nevada, combined bedrock apatite and zircon (U-Th)/He 
dates indicate a period of rapid exhumation at rates between 0.2 and 0.8 mm/a from 90 
Ma to 60 Ma prior to a prolonged period of much slower exhumation of ~ 0.02 to 
0.04 mm/a (Cecil et al., 2006). McPhillips and Brandon (2012) modeled similarly low 
rates of ~ 0.03 to 0.08 mm/a with the software package Pecube, but over a slightly 
different interval of 80 to 20 Ma.  
Additional research has been done on the smaller ranges surrounding the Sierra 
Nevada. Bounding the eastern side of Owens Valley are the Inyo Mountains. Combined 
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bedrock zircon and apatite (U-Th)/He dates obtained from samples collected across the 
axis of the Inyo Mountains have been interpreted to indicate two episodes of moderate to 
rapid exhumation – ca. 66 Ma and 54 Ma, with exhumation rates of < 0.1 mm/a from 66-
55 Ma and from 53-15.6 Ma (Lee et al., 2009). Other apatite fission track and apatite 
(U-Th)/He dates have been collected from just to the north of the Inyo Mountains in the 
White Mountains, but these results indicate the White Mountains are much younger and 
were exhumed rapidly ca. 12 Ma (Stockli et al., 2003).   
6. Sampling strategies and sample preparation 
This study involved collecting both bedrock and detrital samples from the 
catchments of interest. While the semi-arid environment and rugged terrain of these small 
drainages ensure fresh bedrock exposure, practical access to these exposures for sample 
collection varied depending on the steepness of the catchments and the availability of 
human or game trails. For example, we were only able to collect 2 bedrock samples of the 
Whitney granodiorite from the Tuttle Creek catchment. Collected at elevations of ~2400 
and 2800 m, these samples only cover approximately 22% of the local relief and 11% of 
the area of the basin. From the Wonoga Pass catchment, we collected 3 samples of the 
Castle Rock granodiorite from road cuts between 1900 and 2600 m in elevation. These 
samples covered only ~45% of the relief within the catchment but represent 72% of the 
catchment area. We collected 3 samples of an un-named granodiorite in the Olancha Pass 
catchment from elevations between 1900 and 2600 m. The Olancha Pass bedrock 
samples spanned 59% of the local relief and 67% of the basin’s area. From the 9 Mile 
Canyon catchment, we collected 5 samples from the Granodiorite of Sacatar between 
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elevations of ~1000 and 1800 m. These samples cover 78% of the local relief and 71% of 
the drainage area.  
In all cases, care was taken to break off fresh, representative rock from the 
outcrops; individual sample weights were approximately 2 kg. Each sample was crushed 
in mineral separation facilities maintained by Arizona State University (ASU) prior to 
both dry and wet sieving. Material between 50 µm and 250 µm was concentrated using 
established magnetic and gravimetric separation techniques, and well-formed, euhedral, 
inclusion-free crystals were picked under a binocular microscope for analysis. 
Detrital samples were collected near the mouths of the catchments from active 
channels. In three of the four catchments (9 Mile Canyon, Olancha Pass, and Wonoga 
Pass), we sampled close to the range front (Figure 4.3 panels b, c, and d). To avoid 
inadvertently sampling re-worked Quaternary alluvium in these catchments, we advanced 
up-catchment from the range front until we could visually confirm that we were upstream 
of such deposits. In the 9 Mile Canyon catchment, a pipe for the Los Angeles aqueduct 
passes over the channel, so we collected our detrital sample slightly farther upstream to 
avoid any contamination by foreign material introduced during aqueduct construction 
and/or maintenance. Unlike the other catchments, our Tuttle Creek detrital sample was 
collected farther upstream from the range front. “Tuttle Creek” proper drains to Owens 
Valley; however, other units of the MWIS are exposed near the range front. To ensure 
that the detritus collected for this study sampled only the Whitney Granodiorite, we 
sampled the southern tributary of Tuttle Creek, just above a small knickpoint 
(Figure 4.3a).  
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Regardless of sampling locality, we collected two gallon-sized bags 
(approximately 2.5 liters) of detritus. Each sample was wet-sieved and material between 
50 µm and 500 µm was then separated via the same magnetic and gravimetric methods 
used for bedrock sample concentration. Evaluation of heavy mineral separates was done 
using a binocular microscope to select zircon crystals for dating. Unlike “conventional” 
(U-Th)/He methods used for single-crystal dating, the laser ablation method described 
below does not necessitate alpha-particle ejection (FT) corrections of raw (U-Th)/He 
dates (Farley et al., 1996; Hourigan et al., 2005), and thus euhedral grains are not 
required. Therefore, we selected detrital crystals with a range of habits and sizes that 
should increase the probability that our picked zircons from a particular sediment sample 
are representative of the overall population. This included crystals that were broken, 
chipped, or abraded so long as the crystals were large enough to allow for laser ablation 
dating (≥ 55 μm in their shortest dimension). The size requirement may introduce some 
bias by not sampling the smallest crystals in the spectrum of zircons in the population, 
but is unavoidable given current analytical abilities.  
7. Analytical Methods 
For this study, we predominantly relied on conventional methodology for dating 
bedrock zircon crystals and laser ablation methodology for dating detrital zircon crystals. 
While the conventional methods regularly used by the majority of (U-Th)/He laboratories 
worldwide have a proven track record of success, laser ablation (U-Th)/He methods have 
been somewhat recently developed in the pursuit of understanding the intracrystalline 
distribution of radiogenic 4He. These microanalytical approaches have been shown to 
enhance the effectiveness of dating minerals by eliminating uncertainties associated with 
  111 
FT corrections as well as mitigating the effects of complex patterns of alpha-particle 
redistribution associated with intracrystalline U and Th zoning (Boyce et al., 2006, 2009; 
van Soest et al., 2011; Vermeesch et al., 2012; Tripathy-Lang et al., 2013). Most recently, 
improved protocols have permitted coordinated laser ablation (U-Th)/He and U/Pb 
“double” dating (LADD) of single crystals (Evans et al., 2015; Horne et al., 2016). The 
LADD approach has distinct advantages for detrital studies because it makes analysis of 
commonly broken and abraded detrital crystals possible. In order to demonstrate that the 
two approaches yield consistent results when applied to zircons from the same samples, 
we also applied the LADD method to zircons separated from the bedrock samples 
collected in 9 Mile Canyon. All analyses were performed in Group 18 Laboratories at 
Arizona State University.   
7.1 Conventional (U-Th)/He dating 
Bedrock zircon crystals were measured for FT corrections (Farley, 1996; Hourigan 
et al., 2005), and loaded into Nb tubes for isotopic analysis. Since conventional 
(U-Th)/He protocols provide no opportunity to evaluate the nature and magnitude of 
parent element zoning in zircon, we assumed no significant intracrystalline variation in U 
and Th concentrations for the FT correction procedure. Helium measurements were made 
using an ASI Alphachron analytical system. In vacuuo gas extraction from each crystal 
was done using an infrared (980 nm) diode laser and liberated gasses were spiked with 
3He and purified using reactive metal alloy getters prior to isotope dilution analysis. 
Samples were then removed from the laser chamber and dissolved in concentrated HF, 
HNO3, and HCl using Parr digestion vessels. The resulting solutions were spiked with 
230Th and 235U to enable isotope dilution analysis of U and Th by solution inductively-
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coupled plasma mass spectrometry (ICPMS) using a Thermo Scientific iCAP Q 
instrument. More detailed descriptions of the conventional zircon (U-Th)/He dating 
procedures currently used in Group 18 Laboratories may be found in the Electronic 
Supplement of Horne and coworkers (2016).  
7.2 Laser ablation (U-Th)/He and U/Pb double dating 
Zircons from each detrital sample and from four 9 Mile Canyon bedrock samples 
were mounted in Torr Seal (a low vapor-pressure epoxy), polished to remove the outer 
20 μm of the crystal, and ultrasonicated in baths of deionized water, ethanol, methanol, 
and acetone (in that order). For LADD, we followed the same methods described in detail 
by Horne and coworkers (2016). Since these methods may be less familiar to many 
readers than conventional methods, we briefly summarize them below.  
The LADD protocols used for this study involve a two-part analytical sequence. 
For the first set of analyses, in vacuuo laser ablation experiments were performed to 
liberate gasses from pits either 15 µm or 25 µm in diameter (depending on crystal width). 
Pits were ablated approximately 5 µm deep with a Photon Machines (now Teledyne 
CETAC) Analyte Excite, a 193 nm Atlex 300 ArF excimer laser. Evolved gases were then 
measured with the same ASI Alphachron analytical system used for our conventional 4He 
measurements. Following daughter isotope analyses, an ADE PhaseShift MicroXAM 
interferometric microscope was used to collect high-resolution digital elevation models of 
the ablated pits, which were then fed to an in-house Matlab script to calculate the volume 
of crystal ablated and enable the computation of isotopic concentrations for each crystal.  
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The second analytical step involved transferring the mount to a Teledyne CETAC 
HelEx two-volume ablation cell and using the same laser to ablate larger pits (centered on 
the 4He pits) for U + Th + Pb analysis. Isotopic abundances were determined by laser 
ablation ICPMS (LA-ICPMS), again using the Thermo Scientific iCAP Q instrument. 
The beam focus, energy level, pulse frequency, and number of pulses of applied laser 
energy were controlled to ablate a pit 40 µm wider and 20 µm deeper than the 4He pit. 
This part of the procedure is designed to integrate concentrations of U and Th from the 
crystal that might have contributed helium to the 4He pit to limit the effects of U and Th 
zoning as well as alpha recoil on the determined age. Following LA-ICPMS analyses, the 
volumes of the second series of pits were measured using the interferometric microscope, 
permitting calculation of U and Th isotopic concentrations. 
Calculations of U and Th concentration were corrected based on analyses of 
‘SynZircon’ (Horne et al., 2016) dispersed throughout the analytical routine. Zircons 
from the Fish Canyon tuff (28.3 ± 3.1 Ma; Dobson et al., 2008) were used as (U-Th)/He 
age standards as well as to ensure precise measurements of isotopic ratios. Zircon 91500 
(1065 Ma; Wiedenbeck et al., 1995) and Plešovice zircon (Sláma et al., 2008; 337.13 ± 
0.37 Ma) were analyzed during the LA-ICPMS experiments as U/Pb age standards. U/Pb 
dates were calculated using the U-Pb Geochronology data reduction scheme included in 
the Iolite software package (Paton et al., 2011). Due to the low fractional common Pb in 
the crystals, no common Pb corrections were implemented. 
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8. LADD Results for Detrital Zircons 
8.1 Tuttle Creek Detritus 
Eighty-seven zircon crystals from the detrital sample collected at the bottom of 
the Tuttle Creek catchment yielded 238U/206Pb (ZrnPb) dates ranging from 83.0 ± 3.8 Ma 
to 168.4 ± 7.6 Ma (Table 4.1). Summed probability density (PDP) and kernel density 
estimation (KDE) plots for this distribution are shown in Figure 4.4a; see Vermeesch 
(2012) for an explanation of the important distinctions between such visualizations. Most 
of the ZrnPb dates (ca. 80%) fall between 83.0 and 87.2 Ma. This sub-population yields 
an inverse variance-weighted mean date of 85.42 ± 0.46 Ma, with a mean squared 
weighted deviation (MSWD) of 0.28. Such a low MSWD indicates that the dispersion of 
dates within the sub-population is well within the range predicted by analytical 
imprecision and that the calculated uncertainty in the weighted mean is a robust estimate. 
This apparent age, statistically indistinguishable from previously published bedrock U/Pb 
dates for the Whitney Granodiorite (e.g., McAtamney et al., 2014), is interpreted to 
represent the crystallization age of the source pluton. Older zircons in the sediment may 
be derived from unmapped screens of igneous rocks in the catchment that predate the 
Whitney Granodiorite, or they may be antecrystic or xenocrystic inherited crystals. (U-
Th)/He zircon (ZrnHe) dates for all 87 zircons (Table 4.1) ranged between 40.3 ± 1.8 Ma 
to 88.1 ± 5.3 Ma. As anticipated, the PDP of ZrnHe dates (Figure 4.4b) indicates a 
broader and more complex distribution than the ZrnPb PDP because it reflects 
progressive cooling across the catchment during exhumation, presumably with zircons 
sourced from higher elevations yielding older ZrnHe apparent ages.  
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One important feature of the ZrnHe PDP is a maximum at ~ 70 Ma. Because 
ZrnHe data for any detrital sample taken in the field are unlikely to be completely 
representative of the full range of detrital zircon ZrnHe dates that may exist at the 
sampling locality, and because even the relative proportionality of different ZrnHe dates 
may be biased by the zircon selection procedure, we propose that this maximum – the 
“principal mode” of the probability distribution – should be especially valuable for 
catchment exhumation rate modeling. For our purposes, we explicitly define a principal 
mode as the maximum of the summed PDP of a dataset. In order to assign a robust 
uncertainty to each principal mode ZrnHe date, we used a non-parametric bootstrap 
method. To do this, a synthetic ZrnHe distribution was generated by randomly selecting 
(with replacement) n dates from the original analytical dataset, where n is the number of 
dates in the original dataset. We then calculated the principal mode of the new synthetic 
population. After repeating this process 10,000 times, the resulting distribution of 
principal modes provided us with a reasonable estimate of the variability of our apparent 
age mode. We used twice the standard deviation of the distribution of calculated modes 
to approximate the uncertainty on the principal mode for the actual dataset. For the Tuttle 
Creek ZrnHe dataset, this procedure yielded an apparent ± 9.6 Ma uncertainty range (at 
2σ) for the date of the principal mode of 71.0 Ma.     
8.2 Wonoga Pass Detritus 
The ZrnPb data for eighty zircons analyzed from the Wonoga Pass detrital sample 
(Table 4.2) have a distribution indicative of sourcing from at least two plutons of 
different ages (Figure 4.4c). An important mode is defined by slightly under half of the 
zircons, which yield an inverse variance weighted mean ZrnPb apparent age of 
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84.87 ± 0.30 Ma (n = 37; MSWD = 0.87). This date, statistically indistinguishable from 
the inverse variance-weighted mean for the major component of the Tuttle Creek detrital 
zircons, strongly suggests derivation of these zircons from the Whitney Granodiorite. A 
second, significant mode in the ZrnPb PDP corresponds to a subpopulation of 15 crystals 
with an inverse variance-weighted mean apparent age of 102.69 ± 0.60 Ma (MSWD = 
1.54). We infer that this sub-population is derived from one of the undated plutons 
mapped in the catchment by du Bray and Moore (1985). A few additional detrital ZrnPb 
dates – ranging up to 173.8 ± 8.0 Ma – likely represent xenocrystic zircons. 
The same 80 zircons yielded ZrnHe dates (Table 4.2; Figure 4.4d) ranging 
between 22.4 ± 2.2 Ma to 87.7 ± 4.4 Ma. Though post-analytical inspection of the sample 
mount and isotopic data from the two crystals yielding the youngest and oldest dates 
provided no obvious explanation for their anomalous ZrnHe dates, they are probably 
specious. We regard the remaining dates – from 41.8 ± 3.4 Ma to within uncertainty of 
the crystallization age of the Whitney Granodiorite – to be more representative of the 
minimum range of ZrnHe closure ages for bedrock at various elevations within the 
catchment. For these data, a principal mode of 74 ± 16 Ma was calculated using the 
bootstrap method described above. This value is well within uncertainty of the principal 
ZrnHe mode for the nearby Tuttle Creek catchment.  
8.3 Olancha Pass Detritus 
Eighty-two zircons from the Olancha Pass detrital sample (Table 4.3; Figure 4.4e) 
yielded ZrnPb dates that are, for the most part, older than those from the Tuttle Creek and 
Wonoga Pass detrital samples. Two important modes are apparent in the PDP plot. The 
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most significant – representing about 37% of the dates – yields an inverse variance-
weighted mean ZrnPb date of 164.45 ± 0.32 Ma (n = 30; MSWD = 1.52). Although the 
most prolific magmatism in the Sierra Nevada occurred during the Cretaceous, the 
southeastern Sierra Nevada is known to have been the locus of significant Jurassic 
magmatism during the early phases of batholith construction (Nadin et al., 2016), and it 
appears that one of these early plutons is exposed over a significant portion of the 
Olancha Pass catchment. A subsidiary mode is defined by a subpopulation of eleven 
dates with a lower-precision, inverse variance-weighted mean of 100.3 ± 1.1 Ma (MSWD 
= 7.33). A subset of dates between these two modes may represent evidence of additional 
– but less significant – Early Cretaceous igneous bodies within the catchment.  
Other than two, relatively old and possibly spurious dates of 108.0 ± 5.6 Ma and 
124.7 ± 6.1 Ma, the detrital ZrnHe results for the Olancha Pass sample range between 
47.2 ± 1.8 Ma and 96.2 ± 6.0 Ma (Table 4.3; Figure 4.4f). The principal mode for this 
distribution is  64 ± 12 Ma.  
8.4 9 Mile Canyon Detritus 
The n = 92 ZrnPb detrital dataset for 9 Mile Canyon demonstrates that the 
bedrock of this catchment is dominated by Jurassic intrusive rocks. (Table 4.4; Figure 
4.4g). Sixty-two (ca. 64%) of these dates were clustered between 164.1 ± 2.1 Ma and 171 
± 10 Ma and indicated an inverse variance-weighted mean of 167.34 ± 0.42 Ma, with a 
somewhat elevated MSWD of 2.11. In detail, the ZrnPb PDP shows that this cluster has 
several subsidiary peaks which may represent multiple igneous components with similar 
age. In the absence of data from a comprehensive U/Pb zircon study of the catchment, we 
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infer that ca. 167 Ma is a reasonable approximation of the magmatic age of the 
Granodiorite of Sacatar. Our zircon data provide no evidence of Cretaceous bedrock 
source components in the detritus.  
Aside from one speciously old ( > 130 Ma) crystal, LADD ZrnHe dates for the 9 
Mile Canyon detrital zircons range from 37.8 ± 1.4 Ma to 104.6 ± 4.5 Ma (Table 4.4; 
Figure 4.4h). Only three crystals yielded dates > 100 Ma; the remaining 89 dates had an 
overall distribution comparable to the range of ZrnHe dates from the Olancha Pass 
detrital sample. Similarly, the principal mode of the 9 Mile Canyon detrital sample is 
within uncertainty of the Olancha Pass mode, at 59.9 ± 9.4 Ma. 
8.5 Correlations Between ZrnPb and ZrnHe Data  
Because the LADD method yields both ZrnPb and ZrnHe dates for individual 
zircons, it was possible to determine if there were significant correlations between the 
two dates in any of the catchments through the plots shown in Figure 4.5. No correlations 
are obvious from these plots, suggesting a decoupling of the geochronologic and 
thermochronologic data. This likely reflects the fact that the igneous lithologies that 
mainly contributed to the detrital zircon suites are widely distributed throughout the 
catchments and not localized in any particular elevation range.   
  119 
8.6 ZrnHe and Effective Uranium 
Previous studies suggest that radiation damage can influence helium diffusivity 
significantly in zircon (Guenthner et al., 2013; Ketcham et al., 2013; Anderson et al., 
2017). In order to examine whether there is evidence that radiation damage may be 
responsible for some of the dispersion in ZrnHe dates seen in our detrital datasets, we 
calculated values for the effective uranium (eU) concentration in each crystal, where eU 
= 0.235[Th (ppm)] + [U (ppm)]. It is generally thought that significant correlations 
between ZrnHe apparent age and eU is diagnostic of radiation damage influence on a 
specific dataset (Guenthner et al., 2014). Figure 4.6 shows plots of these two parameters 
for detrital data from each of the studied catchments. Although the data show a 
remarkable range of eU from 50 to 2776 ppm, these plots suggest no significant 
correlation between eU and ZrnHe date. One reason is that eU is an imperfect proxy for 
radiation damage because it does not take into account the amount of time necessary for 
damage accumulation, nor does it take into account the thermal history of a crystal. (The 
latter is important because radiation damage spontaneously anneals at high temperatures.) 
We infer that, for these zircons, the elapsed time between the initiation of quantitative 
retention of radiation damage and closure of the ZrnHe chronometer was too short for 
enough radiation damage to accumulate to cause significant dispersion of dates, 
regardless of variations in eU.  
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9. Conventional and LADD Results for Bedrock Zircons 
9.1 Tuttle Creek Bedrock  
Due to steep and inaccessible terrain, only two bedrock samples were collected 
from the Tuttle Creek catchment at elevations of 2266 m and 2828 m and analyzed using 
conventional, single-crystal (U-Th)/He zircon methods (Table 4.5). Five dates for the 
lower elevation sample (TC01) ranged from 69.5 ± 1.8 Ma to 73.9 ± 2.0 Ma, with an 
inverse variance-weighted mean of 71.9 Ma and a mean squared weighted deviation 
(MSWD) of 3.5, indicating that the dataset is over-dispersed (Wendt and Carl, 1991). 
Therefore, we multiplied the analytical 2σ uncertainty by MSWD0.5 to arrive at an 
uncertainty of ± 1.6 Ma. The second sample (TC02) yielded five dates ranging from 76.5 
± 2.1 Ma to 80.6 ± 2.2 Ma, with an inverse variance-weighted mean of 78.2 Ma. The 
calculated MSWD for this sample (2.6) also indicates overdispersion in the dataset, given 
the number of dates used to calculate the weighted mean, so we again rely on an 
expanded uncertainty of ± 1.5 Ma. Since the calculated MSWD for both samples is 
higher than would be expected based on analytical imprecision alone, we additionally 
quantify the dispersion of each population of dates using two inverse-variance weighted 
standard deviations of the population (not standard deviations of the weighted mean), and 
we express the result as a percentage of the weighted mean date to the nearest integer. 
For TC01 and TC02, we calculated the ZrnHe dispersions as 5% and 19%, respectively. 
9.2 Wonoga Pass Bedrock  
Three samples collected at elevations of 1905 m, 2254 m, and 2633 m each 
yielded five conventional ZrnHe dates, with inverse variance-weighted mean dates of 
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60.2 ± 7.6 Ma (MSWD = 108.0), 59.1 ± 3.6 Ma (MSWD = 26.7), and 70.0 ± 3.5 Ma 
(MSWD = 14.2), respectively (Table 4.6).  The very high MSWDs and high dispersions 
of data for all three samples implies low confidence in the geologic significance of the 
calculated weighted means. Collectively, measured dates for the Wonoga Pass bedrock 
samples range from 55.0 ± 1.4 Ma to 74.1 ± 1.9 Ma and do not correlate strongly with 
sampling elevation. 
9.3 Olancha Pass Bedrock  
Conventional ZrnHe dates (Table 4.7) were also determined for three samples 
collected along a transect up the Olancha Pass catchment (1951 m, 2322 m, and 2640 m). 
The lowest sample (OP03) yielded an inverse variance-weighted mean of 73.7 ± 1.8 Ma 
(MSWD = 2.7). Unexpectedly, the two samples collected at higher elevations each 
yielded dates that were typically (but not always) younger than those determined for the 
OP03 crystals. Samples OP02 (2322 m) and OP01 (2640 m) yielded inverse variance-
weighted mean dates of 69.4 ± 2.7 Ma (MSWD = 9.3) and 67.8 ± 4.8 Ma (MSWD = 
29.6), respectively. Zircon populations from each of the samples yielded significantly 
over-dispersed ZrnHe dates. Overall, dates for all three samples ranged from 63.1 ± 1.8 
Ma to 77.1 ± 2.3, with no clear correlation to sampling elevation; in fact, both the 
maximum and minimum ZrnHe dates from this catchment were from zircons separated 
from a single sample, OP01.  
9.4 9 Mile Canyon Bedrock  
Five samples were collected from the 9 Mile Canyon catchment at elevations 
ranging from 981 m to 1800 m. For four of the samples, conventional (U-Th)/He dates 
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were determined for ten crystals (Table 4.8). Collectively, these 40 dates ranged between 
52.7 ± 1.5 Ma to 84.8 ± 2.4 Ma, though once again there is no clear correlation between 
sampling elevation and ZrnHe date. In order from lowest to highest, the four samples 
yielded the following inverse variance-weighted means: 70.3 ± 3.2 Ma (MSWD = 26.9), 
67.7 ± 4.0 Ma (MSWD = 46.4), 63.3 ± 5.7 Ma (MSWD = 99.2), and 62.1 ± 3.8 Ma 
(MSWD = 48.1). Zircons from each sample show extreme ZrnHe over-dispersion. 
In order to compare the detrital sample results for 9 Mile Canyon, we also applied 
the LADD method to zircons from four bedrock samples (Table 4.9). Two of these 
samples (9MC01 and 9MC02) were the same as samples used for conventional dating, 
while a third (9MC03; 1380 m) was not. Zircons from all samples yielded Jurassic ZrnPb 
dates consistent with the distribution of ZrnPb dates from the 9 Mile Canyon detrital 
sample. Direct comparison of conventional and LADD ZrnHe date distributions for 
sample 9MC02 demonstrates good consistency (Tables 4.8 and 4.9). However, LADD 
dates from sample 9MC01 are significantly older than the conventional ZrnHe dates from 
the same sample and yield an inverse variance weighted mean age older than, but within 
analytical imprecision of, the conventional data (73.1 ± 8.6 Ma). Although the LADD 
dates have analytical imprecision roughly 1.5 to 2.5 times that of the conventional dates, 
this primarily reflects the much lower volumes of analyte used in LADD work. Sample 
9MC03 ZrnHe data are similar to those for other samples. Apparent ages range from 61.4 
± 2.6 Ma to 69.6 ± 4.6 Ma, with an inverse variance-weighted mean of 62.8 ± 3.0 Ma 
(MSWD = 9.3). For all samples, LADD ZrnHe results show the same high levels of over-
dispersion as the conventional results. 
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9.5 Plausible Causes for ZrnHe Bedrock Over-Dispersion 
(U-Th)/He dates for multiple zircon crystals from a single rock are frequently 
over-dispersed and many different explanations have been offered for this observation 
(Reiners et al., 2018). One frequently cited explanation is crystal-to-crystal variability in 
radiation damage, which can significantly influence 4He diffusivity (Guenthner et al., 
2013). Considering the lack of correlation seen between eU and ZrnHe dates for the 
detrital samples from these catchments (Figure 4.6), we can probably rule out radiation 
damage as a likely cause for the over-dispersion we see in our bedrock data. Without 
detailed data for the magnitudes and patterns of U+Th zoning in the zircons we used for 
conventional ZrnHe dating, we made simple geometric FT corrections for those dates 
(e.g., Ketcham et al., 2011). However, U+Th zoning can substantially influence the 
robustness of such calculations (Hourigan et al., 2005), and this could contribute to the 
over-dispersion in our conventional dates. The LADD method ostensibly reduces such 
effects by eliminating the need for FT corrections and, to some extent, homogenizing the 
effects of intracrystalline U+Th zoning, but our LADD datasets for 9 Mile Canyon 
bedrock show nearly as much over-dispersion as the conventional datasets for the same 
samples. Plausibly, the over-dispersion in laser ablation ZrnHe dates reflects complex, 
3D variations in U-Th zoning of the crystals. Additional reasons for over-dispersion may 
include the variable effects of He diffusional anisotropy in zircon (Cherniak et al., 2009) 
as crystals with different habit were analyzed, as well as simple variations in crystal size. 
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10. Attempts to Estimate Exhumation Rates from Bedrock Transects 
Although numerous applications of the AER method for constraining exhumation 
rates have been very successful, we had difficulty with our attempts to use this method 
along the eastern Sierra Nevada range front. Even though the bedrock in the studied 
catchments contained an abundance of material suitable for ZrnHe thermochronology, 
exposures of fresh rock for sampling were often inaccessible. This had two negative 
impacts on the effectiveness of the AER approach: the elevations at which samples could 
be collected were limited and the total number of samples available for defining an 
apparent age-elevation relationship in each catchment was small. Additionally, the 
extreme over-dispersion of ZrnHe dates obtained from each sample further confounded 
the success of our efforts. 
Following the approach of previous studies, we began the AER part of our study 
by plotting the inverse variance-weighted mean ZrnHe dates from each transect against 
the elevations from which each sample was collected and performing a simple, least-
squares linear regression of the results to model the change in apparent age as a function 
of elevation. From this, we were able to calculate the exhumation rate over the time 
interval represented by the ZrnHe dates (Table 4.10). For the Tuttle Creek catchment, this 
procedure resulted in an estimate of 0.089 ± 0.031 mm/a between ~ 70 Ma and 80 Ma. A 
statistically indistinguishable result was obtained using the Wonoga Pass samples 
(0.050 ± 0.024 mm/a) for the ~ 60 Ma to 70 Ma interval. For both transects, the 
regression fit statistics are poor, resulting in slope uncertainties of 35% and 48% of the 
exhumation rate for Tuttle Creek and Wonoga Pass, respectively. Conversely, the 
Olancha Pass and 9 Mile Canyon transects yielded negative slopes in this exercise, 
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resulting in “exhumation” rate estimates of -0.102 ± 0.065 mm/a 
and -0.105 ± 0.056 mm/a, respectively. (Note that, when the LADD ZrnHe dates for the 9 
Mile Canyon samples are combined into our weighted mean calculations, the regression 
results are similarly negative (-0.0135 ± 0.048 mm/a). Conversely, when only the LADD 
weighted mean dates are used in the regression, the resulting in an estimated exhumation 
rate similar to Wonoga Pass: 0.0395 ± 0.0069 mm/a.)   
While Braun (2002) noted that arrays of apparent ages vs. elevation with negative 
slopes are possible for landscapes across which relief has changed significantly since 
mineral closure, the proximity of the Olancha Pass and 9 Mile Canyon catchments to the 
other catchments with positive apparent age-elevation relationships makes this 
explanation unlikely. We posit instead that the negative relationships for our samples 
simply reflect a generic problem with the use of the AER method in scenarios where: the 
dates for each sample are highly over-dispersed, the elevation range of the samples is 
limited, and/or where the exhumation rate is relatively slow. This can be illustrated by 
using a Monte Carlo approach to evaluate the overall range of plausible regressions that 
can be derived from the ZrnHe data we collected.  
First, for each dated zircon crystal, we created a normally distributed array of 
1,000 synthetic dates with the mean of the array equal to the calculated date for the actual 
zircon and the standard deviation of the array equal to the 1σ analytical imprecision of 
that date. Second, for each sample elevation, we randomly selected one synthetic date 
from the produced arrays to represent the ZrnHe date for that elevation. Third, using the 
selected synthetic dates from each sampled elevation along the transect, we performed a 
simple, least-squares linear regression. Repeating steps 2 and 3 10,000 times, we arrived 
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at an array of estimated regressions and took the mean of the calculated slopes as our best 
estimate of the actual exhumation rate. Similarly, the uncertainty in the slope was used to 
construct 95% confidence intervals for the regression lines. These lines, their uncertainty 
hyperbolas, and the data on which they were based, are illustrated in Figure 4.7 along 
with their associated exhumation rate estimates. 
For the sparse Tuttle Creek dataset, the Monte Carlo regression suggests an 
exhumation rate (0.11 mm/a) that is not very different from the standard result 
(0.089 mm/a), but the more robust uncertainty provided by the Monte Carlo results is 
much higher at ± 0.92 mm/a. For the remaining catchments, the Monte Carlo results are 
0.033 ± 0.088 mm/a (Wonoga Pass), -0.06 ± 0.20 mm/a (Olancha Pass), and 0.018 ± 
0.071 mm/a (9 Mile Canyon LADD dates only – when conventional and LADD dates 
were combined for this exercise, the Monte Carlo results are negative: -0.021 ± 
0.031 mm/a, a result of the significant over-dispersion of the conventional dataset). While 
the calculated “exhumation” rate for the Olancha Pass dataset is negative, the magnitude 
of the fitting uncertainties are so large as to permit consistency with positive exhumation 
rates. In fact, although the calculated exhumation rates are substantively different for the 
four transects, the Monte Carlo results suggest that the rates for all four are statistically 
indistinguishable both from zero and one another given the large over-dispersion of 
ZrnHe dates for individual samples. 
11. Attempts to Estimate Exhumation Rates from Detrital Datasets 
Our detrital ZrnHe datasets offer an alternative way to model exhumation rates. In 
principle, if a population of ZrnHe dates from a detrital catchment is fully representative 
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of the ZrnHe dates that might be encountered in the bedrock in that catchment, the 
topographic relief of the catchment divided by the range of the detrital ZrnHe dates 
should provide a robust estimate of the average exhumation rate (Brewer et al., 2006; 
Stock et al., 2006). Following the approach of Ruhl and Hodges (2005), we calculated the 
“range” of ZrnHe dates from each detrital sample as the span of ages corresponding to 
99% of the area beneath the PDP curves shown in Figure 4.4 after outlier removal. 
Calculated exhumation rates obtained using this classical DMTD approach are similar, 
ranging from 0.03 to 0.06 mm/a over the time frames represented by the ZrnHe dates in 
each catchment (Table 4.10). 
The DMTD-R approach (Ruhl and Hodges, 2005) expands on the original DMTD 
approach by providing a way to evaluate the robustness of exhumation rate estimates 
from detrital samples by comparing a non-dimensionalized, cumulative synoptic 
probability density function for a suite of measured cooling ages (CSPDFt*) with non-
dimensionalized catchment hypsometry (CSPDFz*). In theory, these curves should be 
indistinguishable if an ensemble of critical assumptions are met: (1) there was both 
thermal and topographic steady state during exhumation; (2) erosion is uniform across the 
catchment; and (3) the detrital sample is representative of sediment from the entire 
catchment. DMTD-based exhumation rate estimates should be considered robust if, and 
only if, these curves are indistinguishable.  
Figure 4.8 depicts these comparisons for the four studied catchments. To account 
for ZrnHe data uncertainty in this exercise, 10,000 CSPDFz* curves were created from a 
random selection of n points from the hypsometry, where n is equivalent to the number of 
crystals in the detrital dataset. In Figure 4.8, these estimated uncertainty bounds 
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(CSPDFt*m) are shown as grey envelopes. If the CSPDFs of the cooling ages (dashed 
lines) lie entirely within the CSPDFt*m envelope, we can conclude that all the 
assumptions that serve as the foundation of the method are likely to be valid. Moreover, 
such an instance implies that the range of detrital dates and the range of elevations within 
the catchment can be reasonably used to calculate an erosion rate. A lack of overlap 
implies that one or more of these assumptions are invalid and that any calculated 
exhumation rate should be viewed with a measure of skepticism.  
11.1 Tuttle Creek Results  
Inspection of the summed probability density plot for the Tuttle Creek detrital 
dataset (Figure 4.4b) suggests that the vast majority of dates define a continuous 
distribution that includes the 71.0 ± 9.6 Ma major mode. However, three young dates 
define two additional minor peaks in the curve. Prior to use of the DMTD-R approach, 
we removed these three dates, which were considered outliers on the basis of their 
discrete and unique dates set apart from the other apparent ages obtained (Table 4.4). 
Using the remaining data trimmed to 99% of the area beneath the updated PDP curve, we 
calculated a nominal exhumation rate of 0.06 mm/a for the interval between 55.5 Ma and 
88.7 Ma. For this catchment, the two non-dimensionalized curves (Figure 4.8a) show 
excellent agreement except for very low values of z* and t*, suggesting high confidence 
in the calculated exhumation rate.  
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11.2 Wonoga Pass Results 
From the Wonoga Pass detrital dataset, we calculated a nominal exhumation rate 
of 0.04 mm/a between 41.2 and 88.4 Ma after the removal of only one (anomalously 
young) date (Table 4.5). Though the Wonoga Pass cooling age CSPDFt* curve falls 
predominantly within the bounds of the CSPDFt*m envelope (Figure 4.8b), the 
distribution shows a more significant departure from the catchment hypsometry than was 
evident in Tuttle Creek dataset.  
As articulated by Vermeesch (2007), one can interpret the slope of the CSPDFt* 
curve with respect to the hypsometry to identify regions that have been over- or under-
sampled in the detritus. Steeper slopes in the distribution signify elevation intervals over 
which cooling age does not change appreciably, leading to an over-sampling of these 
dates in the detrital population. Conversely, portions of the curve with nearly flat slopes 
characterize elevation intervals over which there is significant change in the bedrock 
cooling ages, leading to diminished representation (under-sampling) of these dates. With 
this framework in mind, the CSPDFt* curve from Wonoga Pass implies that there is an 
under-sampling of material from higher elevations within the catchment. Therefore, we 
hypothesize that assumption 2 (uniform catchment-wide erosion) is somewhat less certain 
for the Wonoga Pass sample. This departure from the catchment hypsometry (the 
CSPDFz* curve) could also be the result of sediment trapping and storage within the 
catchment, facilitated by a small Holocene colluvial deposit (Figure 4.3b). Collectively, 
these concerns make us slightly less confident in the 0.04 mm/a erosion rate estimate for 
this catchment.  
  130 
11.3 Olancha Pass Results 
From the Olancha Pass ZrnHe distribution we removed two anomalously old 
dates as outliers (Table 4.6) and calculated a nominal exhumation rate of 0.03 mm/a from 
97.5 to 45.9 Ma. While the CSPDFt* curve falls entirely within the CSPDFt*m envelope 
(Figure 4.8c), there is a noticeable departure from the hypsometric curve in the middle 
age/elevation range, which, opposite to the Wonoga Pass sample, shows a potential bias 
toward younger ages or from lower elevations. We interpret the steepness of the CSPDFt* 
with respect to the relative slope of the CSPDFz* to imply a moderate amount of over-
sampling of dates from the middle elevations within the catchment, again suggesting that 
there is may be non-uniform erosion within the catchment and hindering confidence in 
the calculated exhumation rate. We suspect that the evidence for non-uniform erosion 
could be related to periodic mass wasting events within the catchment; such events are 
not uncommon in the southeastern Sierra Nevada (e.g. August, 2010: Haiwee Creek 
debris flow; Lancaster, 2012). 
11.4 9 Mile Canyon Results 
The detrital ZrnHe PDP for the 9 Mile Canyon catchment (Figure 4.4h) suggests 
that the principal population (including the 59.9 ± 9.4 Ma major mode) is distinctive from 
an old component (dates of > 100 Ma). Consequently, we conservatively removed the 
three > 100 Ma dates (Table 4.7) as outliers prior to applying the DMTD-R approach to 
the dataset. The result was a nominal exhumation rate of ~ 0.03 mm/a between 87.9 and 
37.5 Ma. The CSPDFt* curve from the 9 Mile Canyon detritus (Figure 4.8d) correlates 
very closely with the catchment’s hypsometric curve, only deviating below the CSPDFt*m 
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envelope at the very highest ages/elevations, which could stem from several sources. For 
example, it is possible that the highest elevations in 9 Mile Canyon are experiencing less 
erosion than the other ~ ¾ of the catchment or that there is some form of sediment 
storage in the upper reaches of the drainage area. Although, given the rounded, soil 
mantled landscape in this catchment and lack of evidence of significant sediment storage 
within the area, we do not find either of these particularly probable. Ultimately, we 
regard the apparent exhumation rate calculated from 9 Mile Canyon to be a near 
approximation.  
11.5 Inferring sediment source elevation from combined bedrock and detrital datasets 
Using a combination of bedrock and detrital thermochronologic datasets to infer 
the source elevations of detritus and where erosion is being concentrated in a catchment 
has become an increasingly popular method (e.g. Stock et al., 2006; Ehlers et al., 2015; 
Riebe et al., 2015); however, this exercise relies heavily on precise bedrock constraints. 
In the case of imprecise or over-dispersed bedrock datasets, this approach can only place 
rough bounds on the source elevations in the catchment.  
To explore estimates and demonstrate the lack of certainty possible with our data 
sets, we expanded our Monte Carlo linear regression model runs to include estimates for 
the source elevation of the primary modal detrital ZrnHe dates from each catchment. In 
Tuttle Creek catchment, our estimate of source elevation is so imprecise (158% 
uncertainty in the elevation estimate) that the range of plausible source elevations covers 
the entire catchment relief. However, for the Wonoga Pass, Olancha Pass, and 9 Mile 
Canyon catchments, our results reproduce the source elevation for the primary mode of 
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the detrital ZrnHe distribution to within ~ 200 m (Table 4.10), a comparison that is even 
better than expected based on the uncertainties estimated from the modeling. While 
encouraging, these results are, nonetheless, imprecise and reinforce the necessity of well-
constrained apparent age-elevation relationships to robustly confirm spatial variability in 
erosion.  
12. Discussion 
Overall, the bedrock methods used in this manuscript yield imprecise estimates of 
the exhumation rate of the southeastern Sierra Nevada between ca. 45 Ma and 85 Ma. 
From north to south, our bedrock ZrnHe data suggest exhumation rates of 0.11 
± 0.92 mm/a from 70 Ma to 80 Ma (Tuttle Creek catchment) and exhumation at 0.033 
± 0.088 mm/a from 60 Ma to 70 Ma (Wonoga Pass catchment), while further south 
(Olancha Pass and 9 Mile Canyon catchments) rates may have been even lower between 
60 Ma and 70 Ma. However, these modeled rates are very imprecise and the geologic 
significance of the results is difficult to interpret with confidence.  
On the other hand, the apparent exhumation rates derived from the non-
dimensionalized cumulative distributions of detrital ZrnHe ages provide a much more 
robust appraisal of nominal exhumation rate. For the Olancha Pass and 9 Mile Canyon 
catchments, the bedrock data yielded only inverted age-elevation correlations, but the 
DMTD-R method was able to estimate modest exhumation of approximately 0.03 mm/a 
from ca. 40 to 88 Ma. These estimates are only slightly lower than previously published 
bedrock-derived estimates of ~0.04 to 0.06 mm/a (e.g. House et al., 2001; Clark et al., 
2005) for nearby regions of the Sierra Nevada Batholith. From the Wonoga Pass detritus, 
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the DMTD-R method yielded an exhumation rate of 0.04 mm/a over approximately the 
same 40 Myr and is well aligned with previously published estimates for the local 
exhumation rate at that time. The apparent exhumation rate from the Tuttle Creek detritus 
(0.06 mm/a between ca. 56 to 89 Ma) is slightly higher than observations from the other 
catchments in this study, but averages over a shorter period of time and could be 
enhanced by a previously interpreted reduction in regional denudation from ~ 0.15 mm/a 
to 0.04 mm/a at approximately 70 Ma (House et al., 2001).  
Our findings therefore suggest caution with using bedrock AERs for deriving 
exhumation as this technique can clearly fail to produce reliable results when bedrock 
data are strongly over-dispersed, when bedrock sampling transect represents a small 
percentage of the total relief, and when exhumation rates are high. DMTD methods for 
fluvial samples, on the other hand, proved to be a much more reliable means of 
estimating regional exhumation in this case. However, this method is highly dependent 
on several a priori assumptions. Fortunately, as noted by Ruhl and Hodges (2005) and 
Vermeesch (2007), further comparisons of non-dimensionalized hypsometric and cooling 
age distributions provide general tests of the merits of these assumptions. 
13. Conclusions 
In the work presented here we have sought to explore enduring questions about 
the best means by which to effectively derive reproducible exhumation rates from 
thermochronologic datasets by comparing ZrnHe dates obtained from four catchments 
draining the southeastern Sierra Nevada to bedrock ZrnHe dates from 4 local apparent 
age-elevation transects. Our bedrock data illustrated some fundamental limitations of 
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using bedrock transects to derive exhumation histories under certain circumstances, 
namely inadequate relief sampling (especially in the case of rapidly exhumed 
landscapes), analytical imprecision, and/or over-dispersion in the datasets. Alternatively, 
our detrital datasets were far more successful, though perhaps moderately impacted by 
non-uniform erosion in some of the catchments. Overall, the results of this study strongly 
suggest that detrital approaches may be preferable in some circumstances. Perhaps the 
best strategy for using thermochronologic data to estimate exhumation rates may be to 
begin with the detrital approach the utilizes multiple geo- and thermochronometers and 
conduct targeted follow-up bedrock studies as deemed necessary.  
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14. Figure Captions 
Figure 4.1. Map of the Sierra Nevada with Mount Whitney (Mt. W) as a reference point.  
The drainage area of each of the four catchments evaluated in this study is filled in black 
on the map: Tuttle Creek (TC), Wonoga Pass (WP), Olancha Pass (OP), and 9 Mile 
Canyon (9MC).  
 
Figure 4.2. Hypsometry and channel profiles from Tuttle Creek (a and b, respectively), 
Wonoga Pass (c and d), Olancha Pass (e and f), and 9 Mile Canyon (g and h).  
 
Figure 4.3. Geologic maps with bedrock and detrital sample localities marked for each 
catchment: (a) Tuttle Creek (Stone et al., 2000); (b) Wonoga Pass (du Bray and Moore, 
1985); (c) Olancha Pass (Matthews and Burnet, 1965); (d) 9 Mile Canyon (Ross, 1990).  
 
Figure 4.4. Detrital zircon laser ablation U/Pb (ZrnPb) and (U-Th)/He (ZrnHe) dates 
plotted via both probability distribution functions (shaded) and kernel density estimator 
distributions (black curve) for each catchment: (a) ZrnPb and (b) ZrnHe datasets from 
Tuttle Creek; Wonoga Pass (c) ZrnPb and (d) ZrnHe datasets; Olancha Pass (e) ZrnPb 
and (f) ZrnHe datasets; and (g) ZrnPb and (h) ZrnHe datasets from 9 Mile Canyon. The 
primary mode date of each dataset is labeled but also illustrated by a vertical black line 
on each sub-plot, with the associated uncertainty highlighted by the grey rectangles.  
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Figure 4.5. Detrital zircon U/Pb vs. (U-Th)/He laser ablation dates from each catchment: 
(a) Tuttle Creek; (b) Wonoga Pass; (c) Olancha Pass; (d) 9 Mile Canyon.  
 
Figure 4.6. Detrital zircon (U-Th)/He laser ablation dates vs. effective uranium (eU) 
concentrations for each analyzed crystal from: (a) Tuttle Creek; (b) Wonoga Pass; (c) 
Olancha Pass; (d) 9 Mile Canyon.  
 
Figure 4.7. Bedrock zircon (U-Th)/He dates from each catchment plotted at their 
respective sampling elevations. Individual crystal dates and their 2σ uncertainty are 
plotted in light grey, while the inverse-variance weighted mean dates for each sample are 
plotted in dark grey. Solid black lines show the mean linear regression determined by the 
Monte Carlo scheme described in the text and dashed black lines indicate estimated 1 
standard deviation error bounds for each apparent age-elevation linear regression. For 9 
Mile Canyon, only results from the laser ablation bedrock zircon analyses are plotted.  
 
Figure 4.8. Cumulative distributions of detrital zircon (U-Th)/He datasets (t*) compared 
to cumulative catchment hypsometry (z*) and the uncertainty envelope of modeled 
cumulative distributions based on catchment hypsometry (t*m) for each catchment: (a) 
Tuttle Creek; (b) Wonoga Pass; (c) Olancha Pass; (d) 9 Mile Canyon.
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CHAPTER 5 
CONSTRAINING REGIONAL TECTONIC EVOLUTION WITH DETRITAL 
THERMOCHRONOLOGY: AN EXAMPLE FROM THE SOUTHEASTERN SIERRA 
NEVADA, CALIFORNIA 
1. Abstract 
Dating detrital crystals in modern sediments using multiple geochronologic and 
thermochronologic methods can provide more logistically efficient and regionally 
representative assessments of the thermal history of mountain ranges when compared to 
spatially limited bedrock studies. Here we illustrate this approach through the study of 
two modern sediment samples collected from small catchments roughly 37 km apart 
along the southeastern flank of the Sierra Nevada Mountains in southern California. The 
source areas for both catchments are dominated by exposures of intrusive bodies of the 
Sierran batholith, but the thermal histories of bedrock in the two catchments are 
distinctive based on cooling models derived from ultraviolet laser ablation microprobe 
zircon and apatite U/Pb and (U-Th)/He dates and conventional hornblende 40Ar/39Ar 
dates for detrital crystals from the two samples. Data from the Tuttle Creek catchment, 
near Mount Whitney (36˚32’N), are consistent with rapid cooling of the source bedrock 
after crystallization of the Whitney Granodiorite (85.42 ± 0.46 Ma, 2σ) until ca. 70 Ma, 
followed by slow (~ 2-3˚C/Ma) cooling until at least ca. 37 Ma. In contrast, data from the 
Olancha Pass catchment (36˚14’N) imply continual slow cooling at a rate of ~ 4-5 ˚C/Ma 
from emplacement of the Olancha Pass Granodiorite at 164.45 ± 0.32 Ma (2σ) until at 
least 18 Ma. Overall, the work presented here provides key insights into both the 
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variability of cooling histories along the southeastern Sierra Nevada continental arc as 
well as the ability of multi-chronometer detrital studies to efficiently capture the nature of 
regional tectonic histories. 
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2. Introduction 
Although detailed bedrock thermochronology of small study areas can provide 
precise constraints on local structural kinematics and thermal evolution, broader insights 
require regionally extensive datasets. The application of thermochronologic techniques to 
sufficient numbers of bedrock samples to address regional tectonic problems can be 
especially challenging in actively evolving mountain ranges where rugged, high-elevation 
terrain and political instability sometimes limit accessibility. Despite efforts by numerous 
research teams to synthesize bedrock thermochronologic data from multiple study areas 
and draw regional inferences from them (e.g. Thiede and Ehlers, 2013; Herman et al., 
2013; Nadin et al., 2016), such compilation studies are still based on datasets that only 
cover a fraction of the overall area they seek to interpret and frequently employ a limited 
number of geo- and thermochronometers. Thermochronometric dating of modern fluvial 
detritus, however, can be an efficient, alternative approach to developing at least a first-
order understanding of the thermal evolution of bedrock terrains on spatial scales of tens 
to hundreds of kilometers.  
Over the last several decades, detrital thermochronologic datasets obtained from 
active fluvial systems have been utilized to estimate large-scale erosion rate variability 
(Brewer et al., 2003; Wobus et al., 2003; Bernet et al., 2004; Brewer et al., 2006; Wobus 
et al., 2006; Stewart et al., 2008; McPhillips and Brandon, 2010; Enkelmann et al., 2011; 
Abrahami et al., 2016; Gemignani et al., 2017; Braun et al., 2018; Glotzbach et al., 2018; 
Lang et al., 2018), as well as erosion rates and spatial variations within individual fluvial 
catchments (Ruhl and Hodges, 2005; Huntington  et al., 2006; Stock et al., 2006; 
Vermeesch, 2007; Thompson et al., 2013; Tripathy-Lang et al., 2013; Ehlers et al., 2015; 
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Enkelmann and Ehlers, 2015; Riebe et al., 2015). While most of these approaches have 
relied on inferences made from the full range of dates obtained from a detrital sample, we 
suggest here an alternative approach that focuses on using the dominant, “principal 
mode” date of a detrital age distribution. We explore this idea in catchments with 
relatively uniform lithology by analyzing multiple minerals from the same sediment 
sample via both geochronometric and thermochronometric analytical techniques. The 
principal mode dates of each apparent age distribution are then combined to enable 
thermal modeling that illustrates the cooling history of the dominant source elevation in 
the catchment.  
For this investigation, we generated a multi-chronometric dataset from two 
detrital sediment samples collected in small, active catchments along the southeastern 
flank of the Sierra Nevada Mountains of California (Tuttle Creek and Olancha Pass; 
Figure 5.1). In addition to previously presented (Horne et al., in preparation) paired 
(U-Th)/Pb (ZrnPb) and (U-Th)/He zircon (ZrnHe) dates for these samples, we also 
obtained paired (U-Th)/He (ApHe) and U/Pb (ApPb) dates from detrital apatite crystals, 
and 40Ar/39Ar hornblende (HblAr) dates from detrital hornblendes separated from the 
same detritus. Principal modes of the apparent age distributions for these chronometers 
were then used to model thermal histories using QTQt (Gallagher, 2012). We found that 
the derived cooling histories for the source bedrock in the two catchments were 
significantly different, even though the catchments were only separated by about 37 km, 
suggesting significant N-S variations in the cooling history of the southeastern flank of 
the Sierran continental arc over the Cretaceous to middle Cenozoic interval. Overall, the 
work presented here demonstrates that multi-chronometer detrital studies can efficiently 
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capture the nature of regional thermal histories and may serve as effective means of 
accomplishing reconnaissance work in remote terrains.  
3. Regional Background 
The Sierra Nevada mountain range is an asymmetric, west-dipping fault block 
that trends roughly northwest-southeast through eastern California. The range consists 
predominantly of a large batholith of the same name that developed from the Late 
Triassic through the Late Cretaceous as a collisional magmatic arc, though most 
intrusions occurred in the Cretaceous (Bateman, 1992; Ducea, 2001). Many researchers 
have argued that discrete pulses of magmatism built up the Sierra Nevada batholith (e.g. 
Stern et al., 1981; Coleman and Glazner, 1998; Ducea, 2001; Coleman et al., 2004; 
Ducea and Barton, 2007; DeCelles et al., 2009; Paterson and Ducea, 2015); however, 
compilations of ZrnPb dates reveal no clear evidence of any substantial hiatus between 
140 Ma and 80 Ma (e.g. Nadin et al., 2016 and references therein). Additional hypotheses 
have also proposed an eastward migration of the arc between ~120 and 85 Ma (Evernden 
and Kistler, 1970; Chen and Moore, 1982) though there are notable exceptions to this 
trend, as illustrated both by one of the intrusive units studied here (the Olancha Pass 
Granodiorite) as well as the work of Nadin et al. (2016).  
Due to an extended Mesozoic history of plutonism in the southern Sierra Nevada, 
and to the diversity of emplacement depths for those plutons, one might expect the post-
emplacement cooling histories for bedrock exposures in the Sierra Nevada to be highly 
variable. This complexity, as well as the intrinsic difficulty in reliably converting cooling 
rate to exhumation rate, makes the use of thermochronologic data to infer spatial and 
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temporal nuances of uplift challenging. Many have argued for a high elevation Sierra 
Nevada Mountain belt in the Cretaceous that has decreased slowly since then. Early 
thermochronologic work done in the central Sierra Nevada was interpreted to show that 
large canyons had been cut in the Late Cretaceous and that relief has been slowly 
declining since that time (House et al., 1997; House et al. 1998; House et al., 2001). 
Thermochronology from the northern portion of the range reveals a similar exhumation 
history, with exhumation rates dropping from ~0.5 km/Ma to ~0.03 km/Ma in the 
Tertiary without substantial change to the overall morphology of the range since the early 
Cenozoic (Cecil et al., 2006). In contrast, McPhillips and Brandon (2012) used models of 
thermochronologic data to infer a relatively recent (post-20 Ma) increase in exhumation 
rate. Other constraints, not based on thermochronology, argue for high relief since the 
Eocene (Poage and Chamberlain, 2002; Mulch et al., 2006 & 2008; Cassel et al., 2009; 
Hren et al., 2010), or for the existence of a relatively low-relief highland from the Late 
Cretaceous to Eocene with two subsequent uplift events (Clark et al., 2005). Overall, the 
many hypotheses indicate that the bulk of the relief now seen in the Sierra Nevada was 
generated in the last 30 Ma, but may be much younger (e.g. Le Conte, 1886; Lingren, 
1911; Huber, 1981; Unruh, 1991; Wakabayahi and Sawyer, 2001; Crowley et al., 2008; 
Mulch et al., 2008).  
4. Catchment Physiography and Geology  
Sediment collected from the Tuttle Creek catchment (at 36˚32’48” N, 
118˚11’33” W; elevation: 2344 m) represents detritus from an area of about 16 km2, with 
a total relief of about 1.9 km. In contrast, the Olancha Pass catchment detrital sample 
(collected at 36˚13’30” N, 118˚3’39” W; elevation: 1778 m) represents sediment derived 
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from an upstream area of only ~ 4.6 km2, with local relief of 1.2 km. Both catchments are 
primarily underlain by granodiorite as discussed below, and comparisons of catchment 
hypsometry and cumulative synoptic probability density plots for detrital (U-Th)/He 
zircon data suggest that erosion is uniform in both catchments (Horne et al., in 
preparation). The largely uniform bedrock geology of both catchments suggests that 
there is a single igneous unit in each catchment that serves as the principal source for the 
dated minerals. This inference plays an important role in our approach to thermal history 
modeling in Section 5.8. 
The Tuttle Creek catchment is underlain by Whitney Granodiorite, with no other 
units present aside from Quaternary glacial moraine (Stone et al., 2000). The Whitney 
Granodiorite is a centrally nested unit within the Mount Whitney Intrusive Suite (MWIS). 
It is the youngest and most felsic of the three units in the MWIS, and contains 
hornblende, biotite, and alkali-feldspar megacrysts, as well as distributed enclaves of 
quartz diorite and sub-horizontal sheets of leucogranite. The unit shows concentric 
compositional zones and is interpreted to have been emplaced laterally at approximately 
10 km depth following intrusion through fractures related to an extensional stepover zone 
adjacent to the Sierra Crest shear zone (Hirt, 2007). Previous ZrnPb dating of the MWIS 
reveals that it was emplaced between ca. 88 and 83 Ma (Chen and Moore, 1982; Saleeby 
et al., 1990; Kylander-Clark et al., 2005; Mattinson, 2005; McAtamney et al., 2014). 
Published K-Ar biotite data from Evernden and Kistler (1970) indicate a ca. 86.0 ± 5.9 
Ma cooling age using updated decay constants (Renne et al., 2011) and K isotopic 
abundances (Bohlke et al., 2005). (All uncertainties presented in this manuscript using 
the “±” notation are reported at the 2σ level.)  
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Laser ablation ZrnPb results for our Tuttle Creek detrital sample provide 
additional constraints on the age of the granitic bedrock of the catchment (Horne et al., in 
preparation). Eighty-seven zircon crystals yielded 238U/206Pb dates ranging from 83.0 ± 
3.8 Ma to 168.4 ± 7.6 Ma (for ease of reference, these data are reproduced in Appendix 
Table C1 of the Supplemental Materials associated with this contribution). While we 
cannot preclude the possibility that there are other, older igneous units in the catchment 
that were neither mapped by Stone et al. (2000) nor identified in the course of our work, 
we note that approximately 80% of the dates for the detrital zircons were between 83.0 
and 87.2 Ma. When treated as a sub-population, these data indicate an inverse variance-
weighted mean age of 85.42 ± 0.46 Ma, which – in light of the earlier work of 
McAtamney et al. (2014) – we interpret as a reasonable estimate of the crystallization age 
of the Whitney Granodiorite.  
Less detailed work has been done in the Olancha Pass area aside from regional 
mapping compiled by Matthews and Burnett (1965). The primary lithologic unit exposed 
in the Olancha Pass catchment is an un-named granodiorite containing hornblende and 
biotite. Less than 5% of the overall surface exposure in the catchment can be described as 
a Pre-Cretaceous metamorphic screen. Horne et al. (in preparation) also determined 82 
238U/206Pb dates for detrital zircons from our Olancha Pass sample. These dates scattered 
between 98.7 ± 1.1 Ma and 188.8 ± 5.5 Ma (Appendix Table C2), but the distribution 
showed two prominent modes at 164.45 ± 0.32 Ma (thirty crystals) and 100.3 ± 1.1 
(eleven crystals), with several less significant modes in between. We interpret these data 
to suggest that the Olancha Pass catchment probably includes multiple phases of Jurassic 
to Lower Cretaceous igneous intrusions, but we regard the 164.45 ± 0.32 Ma detrital 
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ZrnPb mode as most likely to represent the dominant granodiorite lithology in the 
catchment. Since this unit has not been named previously, we will refer to it informally as 
the ‘Olancha Pass Granodiorite’ throughout the text. 
5. Methods 
Target minerals for thermochronology were separated from the two sand samples 
in the Group 18 Laboratories (Arizona State University) via standard sieving, magnetic, 
and density-based methods. Previously, Horne et al. (in preparation) applied the laser 
ablation double dating (LADD) method described by Horne et al. (2016) to zircons from 
these samples to determine paired ZrnPb and (U-Th)/He (ZrnHe) dates. Because the 
ZrnHe results from that work form part of the multi-chronometric dataset interpreted 
here, a brief description of the zircon LADD methods are also included in the 
Supplemental Materials, but we refer the reader to Horne et al. (2016) for additional 
details. 
5.1 Detrital apatite laser ablation double dating methods 
Approximately 120 detrital apatite crystals ≥ 50 µm wide were picked under a 
binocular microscope from sieved size fractions between 500-50 µm from each detrital 
sample. We selected examples from a broad range of euhedral, subhedral, anhedral, and 
broken crystals for analysis, as the LADD method obviates the need for a geometric 
alpha ejection correction (Tripathy-Lang et al., 2013). In preparation for LADD, the 
crystals were mounted in TorrSeal and carefully polished to remove rims of ≥ 20 µm that 
constitute the zone impacted by both alpha ejection and injection. Once polished, mounts 
were sonicated in baths of deionized water, ethanol, methanol, and acetone. Though we 
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will briefly outline the LADD analytical workflow below, we refer the reader to Horne et 
al. (2019) for a detailed explanation of the protocol followed in the Group 18 
Laboratories for dating apatite crystals via this method. 
Our LADD procedure includes two analytical sessions, the first for daughter 
isotope measurements and the second for analysis of parent isotopes. In vacuuo laser 
ablation experiments were executed with a Photon Machines (now Teledyne CETAC) 
Analyte Excite, a laser ablation microprobe featuring a 193 nm Atlex 300 ArF excimer 
laser. In these experiments, the laser was used to ablate pits either 15 or 25 µm in 
diameter (depending on crystal width) and approximately 5 µm deep. Gas liberated from 
these ablation pits was spiked with 3He and gettered prior to isotope dilution analysis 
with a Pfeiffer-Balzers Prisma quadrupole mass spectrometer that is part of an ASI 
Alphachron analytical system. Following helium analyses, an ADE PhaseShift 
MicroXAM interferometric microscope was used to produce high-resolution digital 
elevation models of the ablated pits. We used an in-house Matlab script to determine the 
volume of material ablated, which enabled us to then calculate the concentration of 4He 
in each crystal.  
To analyze the concentration of parent isotopes U, Pb, Sm, and Th in each crystal, 
we ran a second round of ablation experiments in which the initially ablated pits were re-
targeted. During this second analytical phase, we enlarged the beam diameter by 40 µm 
and increased the number of pulses fired from the laser. This enabled us to ablate at least 
20 µm deeper than we had during the first round of ablation experiments. By ablating 
these second pits directly over the footprint of the 4He pits, we were able to ensure that 
our calculation of parent isotope concentrations for each crystal was likely representative 
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of any U, Th, or Sm that could have contributed helium to the first ablated pit. This 
procedure also reduced the effects of intracrystalline zoning of U, Th, and Sm on the 
calculated ApHe dates. For the second analytical phase, the experiments were performed 
using a HelEx Active two-volume ablation cell (also from Teledyne CETAC), from 
which material was streamed in N2 to a Thermo Scientific iCAP Q inductively-coupled 
plasma mass spectrometer for ICPMS analysis. Following parent isotope measurement, 
the crystal surfaces were scanned again with the interferometric microscope to produce 
digital models of the larger ablated pits used to calculate U, Sm, and Th isotopic 
concentrations, just as was done for the 4He pits from the first round of ablation 
experiments. To ensure precise measurements of isotopic ratios, as well as accurate 
concentration calculations, we followed the methods of Horne and coworkers (2019) and 
used interspersed analyses of MAD (Madagascan) apatite (Thomson et al., 2012) as well 
as a laboratory standard (Merelani apatite) for which we have determined U, Th, and Sm 
homogeneity (via laser ablation ICPMS mapping) and concentrations (via solution 
ICPMS with a 230Th and 235U spike). 
Data for ApPb were reduced using the VizualAge data reduction scheme of Petrus 
and Kamber (2012) within the Iolite software package (Paton et al., 2011). Given the 
high amount of common Pb (Pbc) incorporated into the apatite crystals analyzed for from 
our two samples, we were unable to calculate reasonable ApPb dates without the use of a 
Pbc correction. To enable such a correction, we used the two-stage bulk Pb evolution 
model of Stacey and Kramers (1975) to derive isotopic ratios for Pb based on 238U/206Pb 
(ZrnPb) dates for the granodiorite bedrock of the two catchments (see Supplementary 
Materials). Based on an 85.42 ± 0.46 Ma ZrnPb date for the Whitney Granodiorite (Tuttle 
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Creek catchment), we estimated isotopic ratios for Pbc in apatites from the Tuttle Creek 
catchment as: 206Pb/204Pb = 18.57; 207Pb/204Pb = 15.62; and 208Pb/204Pb = 38.48. The same 
approach based on the ZrnPb date of the Olancha Pass Granodiorite (164.45 ± 0.32 Ma), 
yielded estimated Pbc characteristics for Olancha Pass apatites: 
206Pb/204Pb = 18.45; 
207Pb/204Pb = 15.62; and 208Pb/204Pb = 38.33.  
5.2 Detrital hornblende 40Ar/39Ar dating methods 
Approximately 120 detrital hornblende crystals from sieve fractions between 250-
50 µm were also picked from each of the detrital samples. The crystals were wrapped in 
Al foil and packed into Al discs along with aliquots of the age standard GA-1550 (99.74 
± 0.21 Ma; Renne et al., 2011) and K and Ca salts to facilitate determination of 
interfering nuclear production ratios. Packets of age standards were placed in disc wells 
adjacent to unknowns and distributed throughout the stack to enable characterization of 
the irradiation flux in two dimensions. All discs were stacked in a fused glass vial and 
irradiated for 2 hours at the Cd-lined, in-core radiation tube (CLICIT) at Oregon State 
University’s TRIGA reactor.  
Following irradiation, each crystal was fused with a Photon Machines 55W CO2 
laser. Our extraction, clean up, and data collection processes for the collection line and 
Nu Instruments Nobelesse multi-collector mass spectrometer are completely automated. 
Extracted gas was cleaned using two GP50 SAES getters (one operated at 450 °C and one 
at room temperature). Isotopic data were collected running the Nobelesse in single 
collector mode. We corrected isotope abundances with the average backgrounds from 67 
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blanks run during each session and used air calibrations collected after every ten 
unknowns to estimate mass discrimination.  
The Berkeley Geochronology Center software Mass Spec was used to reduce the 
data using a decay constant of 5.757 x 10-11 a-1 (Renne et al., 2011).  The isotope data 
were corrected for blanks, radioactive decay, mass discrimination, and interfering 
reactions. We used a power law function for mass discrimination corrections (Renne et 
al., 2009) and assumed a 40Ar/36Ar value of 295.5 (Nier, 1950) for calculation of model 
40Ar/39Ar dates, though – as noted below – the HblAr data from both samples indicate 
some contamination with excess 40Ar.  
5.3 Data Presentation and Evaluation 
In keeping with many previous detrital thermochronology studies, we present our 
HblAr, ApPb, ZrnHe, and ApHe datasets using probability plots (Figure 5.2). For each 
measured date and its uncertainty (Tables 5.1-5.4), we calculated a normal probability 
density function. We then summed the probability density functions for dated crystals 
from a sample to produce the probability density plot (PDP) shown in each frame of 
Figure 5.2. Some researchers prefer to rely on the kernel density estimator (KDE) for the 
visualization of detrital mineral date distributions (Vermeesch, 2012). The KDE shares 
many basic characteristics with the PDP but is functionally equivalent to a more broadly 
smoothed representation of a distribution than the PDP as it relies more on the 
distribution of specific dates than their uncertainties. While we interpret the PDPs in this 
manuscript, the KDEs, calculated using adaptive bandwidths (Vermeesch, 2012), are also 
shown in Figure 5.2 for reference.  
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Inspection of the PDPs in Figure 5.2 reveals a wide variety of distributions with 
various degrees of overall skew and, in some cases, many modes. However, in each case, 
the distributions show one principal mode, which can be simply defined as the apparent 
age at which the summed probability function is maximized. We regard this apparent age 
as having a distinct geological significance: it approximates the cooling age, for the 
thermochronometer of interest, of the portion of the catchment that contributed the 
highest proportion of the dated crystals to the sampled sediment.  
For the thermal modeling presented below, it was additionally important to 
establish an uncertainty for each of these principal modes. We used a non-parametric 
bootstrap approach, consisting of the following steps: (1) a synthetic distribution of ages 
was produced by randomly selecting (with replacement) n dates from the analytical 
dataset (where n is equal to the number of dates in the original dataset); (2) the principal 
mode of the generated synthetic population was calculated; (3) steps 1 and 2 were 
repeated through 10,000 iterations, yielding a distribution of principal modes, and thus 
providing a reasonable estimate of the variability of the actual principal mode for the 
dataset. In the discussions that follow, we report principal mode dates with uncertainties 
equivalent to two times the standard deviation of the distribution of calculated modes 
generated by the bootstrap method. 
In keeping with nearly all published studies that present detrital HblAr data, the 
dates reported in Table 5.1 were calculated with the assumption that these crystals 
contained an atmospheric trapped 40Ar component (40Ar0), such that 
40Ar0 /
36Ar is that of 
modern atmosphere, taken here as 295.5 based on historical convention.  As noted below, 
there is strong evidence that the detrital hornblendes from the two catchments contain a 
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small – but important – component of excess, non-radiogenic 40Ar in the trapped 
component (Kelley, 2002). As a consequence, the principal modes of the HblAr apparent 
age distributions shown in Figure 5.2a and 5.2b are geologically misleading over 
estimates. In order to achieve more robust HblAr apparent age estimates, we turned to the 
inverse isochron approach of Roddick et al. (1980), which avoids the need for a priori 
assumptions about the trapped 40Ar0/
36Ar ratio. For this approach, we characterized linear 
arrays of data using the regression method of York et al. (2004).   
6. Thermochronologic Results 
6.1 Tuttle Creek Detritus 
6.1.1 Tuttle Creek 40Ar/39Ar Hornblende Dates 
From the Tuttle Creek sample, we obtained 104 detrital HblAr model dates 
between 80.3 ± 3.8 Ma and 96.6 ± 5.6 Ma (Table 5.1; Figure 5.2). For these data, the 
average 2σ apparent age uncertainty is about 4%. Many of the model dates are 
statistically older than our best estimate of the crystallization age of the Whitney 
Granodiorite based on the ZrnPb data, suggesting that the assumption of an 40Ar0/
36Ar 
ratio equivalent to that of modern atmosphere is likely incorrect for most of or all the 
crystals.  
Although the inverse isochron approach is typically used to facilitate the 
interpretation of 40Ar/39Ar incremental release experiments on single crystals, Figure 5.2a 
illustrates the behavior of the entire suite of HblAr dates for the Tuttle Creek catchment 
detritus. There is a relatively broad distribution of data containing high concentrations of 
radiogenic 40Ar and thus plotting near the 39Ar/40Ar axis. However, a significant number 
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of analyses have Ar isotopic characteristics indicative of two-component mixing between 
a radiogenic 40Ar component and 40Ar0. Linear regression of all 104 analyses resulted in a 
fit indicative of excess scatter based on a mean squared weighted deviation (MSWD; 
Wendt and Carl, 1991) of 5.5.  The 36Ar/40Ar-intercept of this fit provides a reasonable 
estimate of the actual trapped 40Ar0/
36Ar ratio for these hornblendes: 349 ± 35, after 
adjustment of the nominal 2σ uncertainty range to account for excess scatter (York et al., 
2004). Statistically higher than that of modern atmosphere, this value indicates modest 
excess 40Ar contamination.  The 39Ar/40Ar intercept of the mixing array indicates an age 
of 88.9 ± 3.5 Ma. We regard this as our best estimate of the HblAr closure age for the 
bulk of the hornblendes in the detrital sample. Statistically indistinguishable from the 
crystallization age of the Whitney Granodiorite, this estimated date strongly implies rapid 
cooling of the local bedrock from magmatic temperatures to the notional HblAr closure 
temperature of ca. 570˚C (Harrison, 1981; Hodges, 2014). 
6.1.2 Tuttle Creek U/Pb Apatite Dates 
Ninety-seven detrital apatite crystals picked from the Tuttle Creek sample yielded 
ApPb dates between 52 ± 32 Ma and 112 ± 35 Ma (Table 5.2; Figure 5.2c). The average 
2σ uncertainty in these dates (nearly 32%) is very high compared with that for dates 
determined using other thermochronometers. This is a direct consequence of the 
propagated uncertainty from the Pbc correction. As illustrated in Figure 5.2c, the 
distribution of ApPb dates has a principal mode of 74 ± 14 Ma.  
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6.1.3 Tuttle Creek (U-Th)/He Zircon Dates 
The 87 detrital zircons from this sample studied by Horne et al. (in preparation) 
yielded ZrnHe dates ranging from 40.3 ± 1.88 Ma to 88.1 ± 5.3 Ma, with a principal 
mode of 71.0 ± 9.6 Ma (Appendix Table C1). As previous studies indicate that radiation 
damage may influence helium diffusivity in zircon (Guenthner et al., 2013; Ketcham et 
al., 2013; Anderson et al., 2017), estimates for the effective uranium (eU) concentration 
in each crystal were calculated, where eU = 0.235[Th (ppm)] + [U (ppm)]. However, 
there was no significant correlation between eU and ZrnHe date for the Tuttle Creek 
detrital zircon crystals, and we regard the principal mode as geologically robust. Its age is 
more precise than, but within uncertainty of, the ApPb principle mode date (74 ± 14 Ma), 
providing further evidence that the Whitney Granodiorite experienced rapid cooling 
following crystallization in light of the ca. 300˚C nominal difference between the closure 
temperatures of the ApPb and ZrnHe systems (Hodges, 2014). 
6.1.4 Tuttle Creek (U-Th-Sm)/He Apatite Dates 
Because we used the LADD analytical procedure for apatite thermochronology 
(Section 4.1), we were also able to determine ApHe dates for the same 97 crystals used 
for ApPb dating (Section 5.1.2). These dates ranged between 25.9 ± 2.4 Ma and 83.4 ± 
4.8 Ma (Table 5.2; Figure 5.2e). For these data, the average 2σ uncertainty is about 10% 
and the ApHe summed PDP is multimodal, with subsidiary modes skewed toward older 
apparent ages than the principal mode at 37 ± 17 Ma.  
To evaluate the possible impact of radiation damage on the apparent ApHe ages, 
we also calculated eU concentrations for each analyzed crystal (Table 5.2). As was the 
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case for the ZrnHe dates for the Tuttle Creek sample, we found no statistically significant 
correlation between eU and ApHe date and therefore infer that, for these apatites, the 
time elapsed between radiation damage retention and closure of the ApHe chronometer 
was not enough for radiation damage to accumulate sufficiently to have had a significant 
effect on the dispersion of dates.  
6.2 Olancha Pass Detritus 
6.2.1 Olancha Pass 40Ar/39Ar Hornblende Dates 
40Ar/39Ar data for 106 detrital hornblende crystals from Olancha Pass yielded a 
broad range of model ages (assuming an atmospheric 40Ar0/
36Ar ratio) between 75.3 ± 6.2 
Ma and 123.8 ± 3.6 Ma (Table 5.3; Figure 5.2b), with average 2σ uncertainties of roughly 
4%. It is reasonable to question whether or not some of this scatter reflects excess 40Ar 
contamination, but an inverse isochron plot of the data (Figure 5.3b) shows that even 
crystals with highly radiogenic 40Ar yield an extended range of apparent ages. This 
implies relatively slow cooling of the Olancha Pass catchment bedrock through the 
nominal HblAr closure temperature as compared to the Tuttle Creek catchment. 
Nevertheless, a number of the crystals have significant levels of non-radiogenic 40Ar, 
providing an opportunity to better constrain 40Ar0/
36Ar using a two-component mixing 
model. Regression analysis of data for all crystals reveals a roughly linear array passing 
through a large proportion of the highly radiogenic analyses and almost all the analyses 
with higher proportions of the trapped component. The 40Ar/36Ar intercept for this fit 
suggests a trapped component with 40Ar/36Ar = 348 ± 40, similar to the composition of 
the trapped component in the Tuttle Creek hornblendes, though that may be purely 
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coincidental. Regardless, the results indicate non-trivial excess 40Ar contamination, and 
we thus regard the 39Ar/40Ar intercept of the array as providing our best estimate of the 
HblAr closure age for the bulk of the hornblendes in the detrital sample: 105.5 Ma. As 
was the case for the Tuttle Creek hornblende data, the MSWD of the array in Figure 5.3b 
is high (19), such that the 39Ar/40Ar intercept uncertainty for the regression must again be 
expanded to calculate a more realistic estimate of the 2σ uncertainty in the indicated date: 
105.5 ± 2.7 Ma. 
6.2.2 Olancha Pass U/Pb Apatite Dates 
The detrital sample from the Olancha Pass catchment yielded 101 LADD ApPb 
dates ranging between 20 ± 64 Ma and 140 ± 60 Ma, with an average 2σ uncertainty of 
about 27% (Table 5.4; Figure 5.2d). The summed PDP of these data indicates the 
presence of at least three modes, though more may be obscured by the large uncertainties 
propagated from the Pbc correction. Nevertheless, the data suggest a principal mode 
ApPb date of 91 ± 26 Ma. 
6.2.3 Olancha Pass (U-Th)/He Zircon Dates 
The 82 detrital zircons from this sample studied by Horne et al. (in preparation) 
yielded LADD ZrnHe dates ranging between 47.2 ± 1.8 Ma and 124.7 ± 1.6 Ma 
(Appendix Table C1). However, all but two of the crystals have ZrnHe cooling ages ≤ 
96.2 ± 6.0 Ma. The summed probability distribution of this dataset (Figure 5.2f) has a 
principal mode at 64 ± 12 Ma. There was no significant correlation between eU and the 
ZrnHe dates obtained for these crystals.  
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6.2.4 Olancha Pass (U-Th-Sm)/He Apatite Dates 
For the same Olancha Pass apatites that yielded the ApPb dates discussed in 
Section 6.2.2, we obtained LADD ApHe dates between 10.7 ± 5.2 Ma and 
95.3 ± 26.8 Ma (Table 5.4; Figure 2h). The average 2σ uncertainty for these dates 
(ca. 27%) is much higher than that for the Tuttle Creek detrital apatite dates (ca. 10%) 
because typical Olancha Pass apatites were substantially smaller, such that smaller 
ablation pits were necessary for LADD and thus analyte volumes were much lower. As 
with the Tuttle Creek apatites, we found no correlation between age and eU. Overall, the 
summed PDP contains numerous modes, but the principal mode apparent age is 
18 ± 26 Ma.  
7. Catchment Cooling Histories – Initial Observations 
The basic thermochronologic datasets for the two catchments show first-order 
differences that suggest distinctive cooling histories. The longer history is recorded by 
the hornblende, zircon, and apatite eroded predominantly from the 164.45 ± 0.32 Ma 
Olancha Pass Granodiorite. Although none of the applied thermochronometers provided a 
direct indication of the cooling history of the granodiorite in the immediate aftermath of 
its crystallization, the range of detrital HblAr dates shown in Figure 5.2b means that 
exposed bedrock in the catchment did not cool below ca. 500-600˚C until Cretaceous 
time, at least 40 million years after crystallization of the Olancha Pass Granodiorite. In 
contrast, the narrow distribution of Tuttle Creek HblAr dates after excess 40Ar correction 
is statistically indistinguishable from the crystallization age of the Whitney Granodiorite, 
implying rapid Late Cretaceous cooling after emplacement. 
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Lower-temperature thermochronometers likewise yield different results for the 
two catchments. While the imprecisions of ApPb and ZrnHe dates are substantially 
different, probability density plots for both chronometers share the same essential 
characteristics for the Tuttle Creek detrital sample, and the ApPb principal mode 
(74 ± 14 Ma) is within uncertainty of the ZrnHe principal mode (71.7 ± 8.9). Considering 
that the nominal closure temperature of the ZrnHe chronometer is roughly 300˚C below 
that of the ApPb chronometer, this similarity implies that very rapid cooling of the Tuttle 
Creek catchment bedrock extended to at least ca. 72 Ma. For the Olancha Pass catchment 
sample, the ApPb and ZrnHe principal modes are separated by roughly 35 Ma, implying 
slower overall cooling of that catchment during the Late Cretaceous.  
Although there is considerable overlap between the multimodal ApHe 
distributions for the two catchments, the Olancha Pass dataset contains many more post-
40 Ma ApHe dates than the Tuttle Creek dataset. This implies that the Tuttle Creek 
bedrock had largely cooled through the ApHe closure window (ca. 60-70˚C) by the end 
of the Eocene, whereas many bedrock sources in the Olancha Pass catchment did not do 
so until the latest Oligocene or Miocene. 
8. Cooling History Modeling 
In order to establish a more quantitative sense of the cooling histories of the two 
catchments, we introduce here a unique approach to the thermal modeling of detrital data 
that takes advantage of the distinctive daughter element diffusion kinetics of multiple 
thermochronometers with nominal closure temperatures ranging over several hundred 
degrees Celsius. Our approach requires us to: 1) represent each dataset for each 
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chronometer as a single date (with assigned analytical uncertainty); and 2) assume a 
relationship among the representative dates for different chronometers. There are several 
alternative ways to achieve the first through descriptive statistics – e.g., the mean, the 
median, the minimum, or the maximum – but we focus here on the principal mode for 
each distribution, calculated as previously described in Section 6.  
Our rationale relies on the interpretation that, given the assumption of 
homogeneous mineral distribution within the catchment, the principal mode of the detrital 
apparent age distribution should represent the bedrock cooling dates from a key source 
area. That source area could either be the elevation mode within the catchment or simply 
the most erosive area within the catchment. In either instance, if the locally exposed 
bedrock has a relatively uniform abundance of all minerals of interest, then presumably 
the principal modes from each apparent age distribution are representative of the cooling 
history of bedrock from the same region of the catchment. While such an assumption 
may be unjustified for very large catchments, or catchments containing many different 
rock types, it is likely to be reasonable for small catchments eroded into bedrock that is, 
for the most part, lithologically and mineralogically uniform. The Tuttle Creek 
catchment, for example, is underlain almost exclusively by the Whitney Granodiorite, 
which shows only minor sample-to-sample variability in the modal proportions of 
hornblende, zircon, and apatite (Hirt, 2007). While the Olancha Pass Granodiorite has not 
been studied in detail, our field observations of bedrock in the Olancha Pass catchment 
suggest similar uniformity.  
Our next step involved modeling of the thermal histories of the two catchments 
using the thermochronologic data and the software package QTQt (version 5.6; 
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Gallagher, 2012). For the ApPb, ApHe, and ZrnHe data, we used the principal modes in 
the summed PDPs as constraints for this modeling. For the HblAr data, the presence of 
excess 40Ar in some of the hornblendes, but not necessarily all, precluded use of the 
principal mode. Instead, we simply relied on the inverse isotope correlation date 
calculated as described in Sections 5.1.1 and 5.2.1. QTQt modeling relies on a Bayesian 
trans-dimensional Markov Chain Monte Carlo routine to search for a range of thermal 
histories consistent with a set of thermochronologic constraints and can be used to 
determine a best-fit (“expected”) thermal history, as well as 95% confidence envelopes 
for the predicted histories.  
8.1 Model Setup 
In addition to thermochronologic results, the input parameters for QTQt include 
specification of the diffusion parameters for each chronometer used. For our work, we 
used diffusion parameters reported by Harrison (1982) for HblAr, by Cherniak et al. 
(1991) for ApPb, by Reiners et al. (2004) for ZrnHe, and by Farley (2000) for ApHe. As 
noted earlier, accumulated radiation damage can affect 4He diffusivity in both apatite and 
zircon (Shuster et al., 2006; Guenthner et al., 2013; Anderson et al., 2017), and strong 
correlations between effective uranium (eU) concentrations and apparent ages are 
typically used to evaluate the influence of radiation damage on ApHe or ZrnHe results for 
specific datasets. None of the ApHe or ZrnHe datasets from our two catchments showed 
statistically significant apparent age-eU correlations; therefore, we made no attempt to 
adjust 4He diffusion parameters for apatite or zircon in our QTQt modeling. 
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QTQt also requires the input of effective diffusion dimensions for analyzed 
crystals. For our study, this required us to estimate average diffusion dimensions for 
suites of analyzed crystals from each catchment. The hornblende crystals dated via the 
40Ar/39Ar method were picked directly from uniformly sieved, gravimetrically and 
magnetically concentrated grain aggregates, and we estimated the average equivalent 
spherical radius for the dated crystals as 175 μm. For other minerals, we measured the 
dimensions of the crystals in their TorrSeal mounts and calculated equivalent spherical 
radii following the equations in Reiners and Brandon (2006). These radii averaged 
156 µm for apatites and 95 µm for zircons from the Tuttle Creek sediment sample, and 
117 µm for apatites and 126 µm for zircons from the Olancha Pass sediment sample. 
These values serve as minimum estimates, since many crystals were broken or abraded 
and could not, therefore, be accurately measured. 
Cooling histories for the two catchments were modeled assuming an initial 
temperature equivalent to an estimated solidus temperature for granodiorite. A value of 
700 ± 100 °C was inferred in both cases based on estimates of crystallization pressures of 
< 4 kbar for southern Sierra Nevada granodiorites (Nadin and Saleeby, 2008). For the 
Tuttle Creek catchment, we assigned the solidus temperature an age of 85.42 ± 0.46 Ma 
based on our detrital ZrnPb dataset (see Section 4). For the Olancha Pass sample, we 
similarly assigned an age of 164.45 ± 0.32 Ma to the solidus temperature.  For both 
samples, we constrained the modeled cooling curves to end at 20 ± 5 °C at the present 
time. The modeling procedure included an extended number of “burn-in” runs (n = 
500,000; Vermeesch and Tian, 2014) to allow the models time to converge on an 
appropriate temperature-time (T-t) history for each sample, and then followed those with 
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an additional 500,000 runs to establish the expected thermal history and its 95% 
confidence envelopes. 
Exploratory model runs using peaks from the principal modes of kernel density 
estimate (KDE) plots (Vermeesch, 2012), which are notably offset from the PDP 
principal modes for the ApHe datasets, yielded no appreciable difference in the thermal 
histories generated for either pluton despite producing slightly better matches of the 
model-accepted date histograms to the original detrital distributions.  
8.2 Best-fit thermal histories  
In Figure 5.4 (a and b), we present best-fit temperature-time paths for the two 
catchments. Note that, while the QTQt models for both catchments continue to the 
present, our thermochronologic data do not actually constrain the cooling histories after 
ApHe closure. Thus, the histories shown in Figure 4 begin at the crystallization times for 
the principal sediment source rocks but end at different times: ca. 37 Ma for the Tuttle 
Creek catchment and ca. 18 Ma for the Olancha Pass catchment. 
8.2.1 Tuttle Creek  
The best-fit cooling history for the principal source region of the Tuttle Creek 
sediment sample (Figure 5.4a) implies roughly 10 million years of rapid cooling from the 
Whitney Granodiorite crystallization temperature to roughly 200 °C. Afterwards, the 
cooling rate appears to have slowed to ~ 2-3 °C/Ma (ca. 70 Ma) and persisted at roughly 
that rate until 37 ± 10 Ma. However, the 95% confidence envelope for the best-fit model 
(grey band) permits a broad range of acceptable thermal histories. While all acceptable 
fits require early rapid cooling, the timing of the transition to much slower cooling is 
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relatively poorly constrained. The reason for this is apparent in Figure 5.4 frames c, e, 
and g: considering their uncertainties, there is considerable overlap among the HblAr 
isochron date and the ApPb and ZrnHe principal mode ages. The large uncertainties in 
some modes – ApPb, especially – limit precision on the estimated best-fit temperature-
time curve. 
In Figure 5.4 we also present a comparison between the model-accepted dates for 
each thermochronometer (as histograms) and the input age determinations: the HblAr 
isotope-correlation age (Figure 5.4c) and the principle mode dates for ApPb (Figure 
5.4e), ZrnHe (Figure 5.4g), and ApHe (Figure 5.4i). Inspection of the model-accepted 
date histograms with respect to the input principle mode dates reveals that, for all 
chronometers, the model was able to reproduce the observed cooling ages reasonably 
well, with the consistency poorest for the ZrnHe data. 
8.2.2 Olancha Pass  
The best-fit cooling history for the Olancha Pass sample (Figure 5.4b) indicates 
that the principal source region for the analyzed sediment cooled uniformly at 
~ 4-5 °C/Ma from the crystallization temperature of the Olancha Pass Granodiorite until 
ApHe closure at ca. 18 Ma.  The 95% confidence bounds on the curve are comparatively 
much tighter than those for the Tuttle Creek samples, largely as a consequence of the 
broader distribution of HblAr, ApPb, ZrnHe, and ApHe dates over time. As was the case 
for the Tuttle Creek sample, QTQt was able to reproduce apparent ages within 
uncertainty for the HblAr (Figure 5.4d), ApPb (Figure 5.4f), ZrnHe (Figrue 5.4h), and 
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ApHe (Figure 5.4j) constraints. Again, the models produced marginally poorer fits to the 
ZrnHe data.   
9. Regional Insights 
In Figure 5.5, we show a direct comparison of the best-fit thermal histories from 
both the Tuttle Creek and Olancha Pass principal sediment source regions to enable better 
comparison of their thermal evolution. The most notable difference between the two 
temperature-time paths is their cooling trajectory from the timing of pluton crystallization 
to < 400 °C. The unit of the MWIS that served as the principal source region in the Tuttle 
Creek catchment appears to have experienced very rapid cooling following 
crystallization, which was anticipated given previous evidence that the pluton was 
emplaced at a very shallow depth in the crust (Hirt, 2007). On the other hand, the 
Olancha Pass Granodiorite that served as the principal source region in the Olancha Pass 
catchment appears to have experienced much slower cooling after crystallization, 
suggesting pluton emplacement at higher ambient temperatures. This could imply a 
deeper level of emplacement, or a higher geothermal gradient. By ca. 70-75 Ma, both 
source regions within the two catchments were cooling at moderately slow rates. Based 
on the best-fit QTQt models, the Olancha Pass principal source region may have cooled 
at a slightly higher rate than the Tuttle Creek principal source region over the Late 
Cretaceous to Miocene interval, but this inference may not be robust considering the 
broad overlap of the 95% confidence envelopes for both temperature-time paths. 
Previously published thermochronologic datasets have been used by researchers 
to try to reconstruct the exhumation histories for various portions of the central and 
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southern Sierra Nevada mountain range (e.g., House et al., 1997; House et al., 2001; 
Clark et al., 2005; Mahéo et al., 2009; Chapman et al., 2012; McPhillips and Brandon, 
2012; Blythe and Longinotti, 2013). In most cases, this was done by converting closure 
temperature estimates to closure depths using a nominal geothermal gradient (e.g., 
25 °C km-1; Brady et al., 2006). Interpretation of the results of such calculations requires 
caution because the thermal structures of continental arcs are likely spatially variable and 
easily disturbed during pluton emplacement. Such complexities are, for example, evident 
in the very different high-temperature cooling histories of the Whitney and Olancha Pass 
granodiorites recorded by the data presented here. Nevertheless, to more directly compare 
our results to those of previous workers, we can convert the post-70 Ma cooling histories 
for the two principal source regions in our catchments to exhumation rates using the 
preferred geothermal gradient of Brady et al. (2006): 0.1 km/Ma for the Tuttle Creek area 
and 0.2 km/Ma for the Olancha Pass region. These rates are roughly a factor of 2 to 4 
times faster than most rates previously estimated using single-chronometer or only low-
temperature chronometer datasets, but are still slow compared to many active orogenic 
settings. Overall, the southeastern Sierra Nevada, north of about 35˚30’ N and east of the 
trace of the transpressional Kern Canyon fault (Nadin et al., 2016) were likely exhumed 
from the Late Cretaceous through the Miocene at modest rates of less than 1 km/Ma. 
10. The Promise of Multi-Chronometer Detrital Studies for Mapping Regional 
Trends in Bedrock Cooling and Exhumation 
Laser ablation, U/Pb and (U-Th)/He double dating methods for zircon (Tripathy-
Lang et al., 2013; Horne et al., 2016) and apatite (Horne et al., 2019) were used together 
for the first time in this study. In general, these methods yield individual ZrnPb, ApPb, 
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ZrnHe, and ApHe dates that are substantially more imprecise than dates obtained through 
more conventional methods, but the sample throughput afforded by LADD is much 
higher than that possible using conventional methods. Notably, lower apparent age 
precision does not appreciably affect the key parameters of date distributions (e.g., the 
principal modes) that are required for either cooling history or exhumation history 
modeling. Overall, LADD methods are extremely advantageous for the acquisition of 
multi-chronometer datasets for detrital samples. As they become more widely adopted, 
detrital mineral thermochronology should have broad applicability in the geosciences.  
Our study serves as useful example of how detrital mineral samples from active 
fluvial catchments may be used to extract cooling histories for sediment source regions, 
and how equivalent studies of multiple catchments may be used to build inferences 
regarding regional patterns of bedrock cooling and exhumation. For example, while the 
Tuttle Creek sample indicated that the bedrock in that catchment underwent rapid, Late 
Cretaceous cooling, there is no evidence of a rapid cooling at the same time in the 
Olancha Pass catchment only a few tens of kilometers to the south. While we only 
modeled cooling histories in the course of our study, it also would be possible to use 
similar datasets to explore catchment exhumation histories using thermal-kinematic 
modeling approaches such as that of Thiede and Ehlers (2013). By applying such 
approaches to samples from numerous catchments throughout the Sierra Nevada, it would 
be possible to build detailed maps of bedrock cooling patterns for the entire Sierran arc. 
While such maps could, of course, be constructed with bedrock thermochronologic data 
instead, the number of bedrock samples that would be required for a comprehensive 
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understanding would be far greater, and the process of collecting them would be 
significantly more time consuming. 
One of the chief limitations of the method used in our study is the need reduce a 
spectrum of dates for each chronometer from a detrital sample to a single date. A second 
limitation is the need to assume that the date selected for each chronometer represents the 
same source region in the catchment for all chronometers. One of the reasons for 
selecting the Tuttle Creek and Olancha Pass catchments for this study was that both are 
primarily underlain by what appears to be a single bedrock unit with a relatively uniform 
distribution of the minerals used for detrital thermochronology. This increases the 
probability that the primary modes for each date distribution represents the same part of 
the catchment from which the sediment was derived. Other catchments with more varied 
bedrock and glacial catchments may yield less robust results. 
11. Conclusions 
New U/Pb, 40Ar/39Ar, and (U-Th)/He data from detrital zircon, hornblende, apatite 
crystals collected in two catchments in the eastern Sierra Nevada illustrate how modern 
detrital sediments can be used to model bedrock cooling histories. Modeling using the 
dominant dates from chronometer-specific distributions using QTQt indicates distinctive 
cooling histories for the bedrock exposures in two catchments only 37 km apart. Similar 
studies for numerous catchments in the Sierra Nevada could provide a more 
comprehensive understanding of the extended Mesozoic-Cretaceous cooling history of 
this continental arc and improve models of how that history was affected by rapid 
changes in tectonic boundary conditions over that interval. 
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12. Figure Captions 
Figure 5.1. Map of the southern Sierra Nevada. Catchments from which the detritus 
analyzed in this manuscript was sourced from are filled in black and labeled: TC – Tuttle 
Creek; OP – Olancha Pass. The small, labeled triangle denotes the location of Mount 
Whitney as a point of reference.  
 
Figure 5.2. Distributions of detrital thermochronologic dates from Tuttle Creek (left 
column) and Olancha Pass (right column). Following the approach of Vermeesch (2012), 
we show both summed probability density (shaded grey fields) and kernel density 
estimation (black curves) plots as visualizations of the datasets (PDP and KDE, 
respectively). Vertical thick lines are plotted at the principle mode date used, while light 
grey rectangles indicate the 2σ uncertainty bounds for the modes estimated via the 
bootstrap model – these dates are also labeled in each subplot along with the number of 
analytes presented. Detrital hornblende 40Ar/39Ar ages were derived from the inverse-
isochron models presented in Figure 5.3.  
 
Figure 5.3. Inverse-isochron correlation diagrams of the detrital 40Ar/39Ar hornblende 
dates from (a) Tuttle Creek and (b) Olancha Pass.  
 
Figure 5.4. QTQt model results from Tuttle Creek (left column) and Olancha Pass (right 
column). The pair of panels at the top of the figure illustrate the best-fit temperature-time 
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paths (black lines) in addition to the 95% confidence envelopes (grey shaded fields), both 
of which only extend to the youngest age constraint – the ApHe date. The lower four 
rows of panels illustrate the model-accepted dates for each chronometer (histograms), the 
model input dates (vertical black lines with light grey rectangles symbolic of the 2σ 
uncertainty).  
 
Figure 5.5. Overlaid cooling histories from Tuttle Creek and Olancha Pass (black lines; 
95% confidence bounds shaded in grey). The apparent ages (and 2σ uncertainties) used to 
constrain each model are plotted in the top bar; filled shapes indicate apparent ages from 
the Tuttle Creek detritus, outlined shapes denote those from Olancha Pass.  
  202 
13. References 
Anderson, A. J., Hodges, K. V., and van Soest, M. C. (2017) Empirical constraints on the 
effects of radiation damage on helium diffusion in zircon. Geochimica et 
Cosmochimica Acta 218, 308–322. 
Bateman, P. C. (1992) Plutonism in the central part of the Sierra Nevada batholith, 
California (No. 1483). 
Bernet, M., Brandon, M. T., Garver, J. I. and Molitor, B. (2004) Downstream Changes of 
Alpine Zircon Fission-Track Ages in the Rhone and Rhine Rivers. Journal of 
Sedimentary Research 74, 82–94. 
Blythe, A.E. and Longinotti, N. (2013) Exhumation of the southern Sierra Nevada-
eastern Tehachapi Mountains constrained by low-temperature thermochronology: 
Implications for the initiation of the Garlock fault. Lithosphere 5, 321–327. 
Böhlke, J.K., de Laeter, J.R., de Biévre, P., Hidaka, H., Peiser, H.S., Rosman, K.J.R., 
Taylor, P.D.P. (2005) Isotopic compositions of the elements, 2001. Journal of 
Physical and Chemical Reference Data 34(1), 57–67.  
Brady, R., Ducea M., Kidder, S. and Saleeby, J. (2006) The distribution of radiogenic 
heat production as a function of depth in the Sierra Nevada Batholith, California. 
Lithos 86, 229–244. 
Braun, J., Gemignani, L. and van der Beek, P. (2018) Extracting information on the 
spatial variability in erosion rate stored in detrital cooling age distributions in 
river sands. Earth Surface Dynamics 6, 257–270. 
Brewer, I. D., Burbank, D. W. and Hodges, K. V. (2003) Modeling detrital cooling‐age 
populations: insights from two Himalayan catchments. Basin Research 15, 305–
320. 
Brewer, I. D., Burbank, D. W. and Hodges, K. V. (2006) Downstream development of a 
detrital cooling-age signal: Insights from 40Ar/39Ar muscovite thermochronology 
in the Nepalese Himalaya, Geological Society of America Special Papers 398, 
321. 
Cassel, E. J., Graham, S. A. and Chamberlain, C. P. (2009) Cenozoic tectonic and 
topographic evolution of the northern Sierra Nevada, California, through stable 
isotope paleoaltimetry in volcanic glass. Geology 37, 547–550. 
Cecil, M. R., Ducea, M. N., Reiners, P. W. and Chase, C. G. (2006) Cenozoic 
exhumation of the northern Sierra Nevada, California, from (U-Th)/He 
thermochronology. Geological Society of America Bulletin 118, 1481–1488. 
  203 
Chapman, A. D., Saleeby, J. B. and Wood, D. J. (2012) Late Cretaceous gravitational 
collapse of the southern Sierra Nevada batholith, California. Geosphere 8(2), 
314–341. 
Chen, J. H. and Moore, J. G. (1982) Uranium‐lead isotopic ages from the Sierra Nevada 
Batholith, California. Journal of Geophysical Research: Solid Earth  87, 4761–
4784. 
Cherniak, D. J., Lanford, W. A. and Ryerson, F. J. (1991) Lead diffusion in apatite and 
zircon using ion implantation and Rutherford Backscattering techniques. 
Geochimica et Cosmochimica Acta 55, 1663–1673. 
Clark, M. K., Maheo, G., Saleeby, J. and Farley, K. A. (2005) The non-equilibrium 
landscape of the southern Sierra Nevada, California. GSA Today 15(9), 4. 
Coleman, D., Glazner, A. (1998) The Sierra crest magmatic event; rapid formation of 
juvenile crust during the Late Cretaceous in California. In: Ernst, W.G. & Nelson, 
C.A. (eds) Integrated Earth and Environmental Evolution of the Southwestern 
United States, 253–272, Bellwether Publishing Ltd., Columbia, MD.  
Coleman, D. S., Gray, W. and Glazner, A. F. (2004) Rethinking the emplacement and 
evolution of zoned plutons: Geochronologic evidence for incremental assembly of 
the Tuolumne Intrusive Suite, California. Geology 32, 433–4. 
Crowley, B. E., Koch, P. L. and Davis, E. B. (2008) Stable isotope constraints on the 
elevation history of the Sierra Nevada Mountains, California. Geological Society 
of America Bulletin 120, 588–598. 
DeCelles, P. G., Ducea, M. N., Kapp, P. and Zandt G. (2009) Cyclicity in Cordilleran 
orogenic systems. Nature Geoscience 2, 251–257. 
Ducea, M. (2001) The California arc: Thick granitic batholiths, eclogitic residues, 
lithospheric-scale thrusting, and magmatic flare-ups. GSA Today 11(11), 4–10.  
Ducea, M. N. and Barton, M. D. (2007) Igniting flare-up events in Cordilleran arcs. 
Geology 35, 1047–4. 
Dumitru, T. A., Gans, P. B., Foster, D. A. and Miller, E. L. (1991) Refrigeration of the 
western Cordilleran lithosphere during Laramide shallow-angle subduction. 
Geology 19, 1145–1148. 
Ehlers, T. A., Szameitat, A., Enkelmann, E., Yanites, B. J. and Woodsworth, G. J. (2015) 
Identifying Spatial Variations in Glacial Catchment Erosion with Detrital 
Thermochronology. Journal of Geophysical Research: Earth Surface 120, 1023–
1039. 
  204 
Enkelmann, E., T. A. Ehlers, P. K. Zeitler, and B. Hallet (2011), Denudation of the 
Namche Barwa antiform, eastern Himalaya, Earth and Planetary Science Letters 
307(3-4), 323–333. 
Enkelmann, E. and Ehlers, T. A. (2015) Evaluation of detrital thermochronology for 
quantification of glacial catchment denudation and sediment mixing. Chemical 
Geology 411, 299–309. 
Evernden, J. F. and Kistler, R. W. (1970) Chronology of emplacement of Mesozoic 
batholithic complexes in California and western Nevada: United States 
Geological Survey Professional Paper. 
Farley, K. A. (2000) Helium diffusion from apatite: General behavior as illustrated by 
Durango fluorapatite. Journal of Geophysical Research: Solid Earth 105, 2903–
2914. 
Gallagher, K. (2012) Transdimensional inverse thermal history modeling for quantitative 
thermochronology. Journal of Geophysical Research: Solid Earth 117, B02408. 
Glotzbach, C., Busschers, F. S. and Winsemann, J.  (2018), Detrital thermochronology of 
Rhine, Elbe and Meuse river sediment (Central Europe): implications for 
provenance, erosion and mineral fertility, International Journal of Earth Sciences 
107(2), 459–479. 
Guenthner, W.R., Reiners, P.W., Ketcham, R.A., Nasdala, L. and Giester, G. (2013) 
Helium diffusion in natural zircon: Radiation damage, anisotropy, and the 
interpretation of zircon (U-Th)/He thermochronology. American Journal of 
Science 313, 145–198. 
Harrison, T. M. (1981), Diffusion of 40Ar in hornblende, Contributions to Mineralogy 
and Petrology 78, 324–331. 
Harrison, T. M. (1982). Diffusion of 40Ar in hornblende. Contributions to Mineralogy 
and Petrology 78(3), 324–331. 
Herman, F., Seward, D., Valla, P. G., Carter, A., Kohn, B., Willett, S. D. and Ehlers, T. 
A. (2013) Worldwide acceleration of mountain erosion under a cooling climate. 
Nature 504, 423–426. 
Hirt, W. H. (2007) Petrology of the Mount Whitney Intrusive Suite, eastern Sierra 
Nevada, California: Implications for the emplacement and differentiation of 
composite felsic intrusions. Geological Society of America Bulletin 119, 1185–
1200. 
Hodges, K. V. (2014), Thermochronology in Orogenic Systems, in Treatise on 
Geochemistry, Second Edition, Volume 4, edited by H. D. Holland and K. K. 
Turekian, Elsevier, Oxford, 281–308. 
  205 
Horne, A. M., van Soest, M. C., Hodges, K. V., Tripathy-Lang, A. and Hourigan, J. K. 
(2016) Integrated single crystal laser ablation U/Pb and (U-Th)/He dating of 
detrital accessory minerals – Proof-of-concept studies of titanites and zircons 
from the Fish Canyon tuff. Geochimica et Cosmochimica Acta 178, 106–123. 
Horne, A. M., van Soest, M. C., & Hodges, K. V. (2018) U/Pb and (U-Th-Sm)/He 
“double” dating of detrital apatite by laser ablation: A critical evaluation. 
Chemical Geology 506, 40–50. 
House, M. A., Wernicke, B. P. and Farley, K. A. (1997) Cenozoic thermal evolution of 
the central Sierra Nevada, California, from (U Th)/He thermochronometry. Earth 
and Planetary Science Letters 151, 167–179. 
House, M. A., Wernicke, B. P. and Farley, K. A. (1998) Dating topography of the Sierra 
Nevada, California, using apatite (U-Th)/He ages. Nature 396, 66–69. 
House, M. A., Wernicke, B. P. and Farley, K. A. (2001) Paleo-geomorphology of the 
Sierra Nevada, California, from (U-Th)/He ages in apatite. American Journal of 
Science 301(2), 77–102. 
Hren, M. T., Pagani, M., Erwin, D. M. and Brandon, M. (2010) Biomarker reconstruction 
of the early Eocene paleotopography and paleoclimate of the northern Sierra 
Nevada. Geology 38, 7–10. 
Huber, N. K. (1981) Amount and timing of late Cenozoic uplift and tilt of the central 
Sierra Nevada, California; evidence from the upper San Joaquin River basin. 
Professional Paper. 
Huntington, K. W., A. E. Blythe, and K. V. Hodges (2006) Climate change and Late 
Pliocene acceleration of erosion in the Himalaya, Earth and Planetary Science 
Letters 252(1-2), 107–118. 
Kelley, S. (2002) Excess argon in K-Ar and Ar-Ar geochronology. Chemical Geology 
188, 1–22. 
Kylander-Clark, A. R., Coleman, D. S., Glazner, A. F., & Bartley, J. M. (2005) Evidence 
for 65 km of dextral slip across Owens Valley, California, since 83 Ma. 
Geological Society of America Bulletin 117(7–8), 962–968. 
Lang, K. A., T. A. Ehlers, P. J. J. Kamp, and U. Ring (2018) Sediment storage in the 
Southern Alps of New Zealand: New observations from tracer thermochronology, 
Earth and Planetary Science Letters 493, 140–149. 
Le Conte, J. (1886) ART. XVIII. A Post-Tertiary Elevation of the Sierra Nevada shown 
by the River beds. American Journal of Science 32(189), 167. 
  206 
Lindgren, W., & Knowlton, F. H. (1911). The tertiary gravels of the Sierra Nevada of 
California (Vol. 73). US Government Printing Office. 
Maheo, G., Saleeby, J., Saleeby, Z. and Farley, K. A. (2009) Tectonic control on southern 
Sierra Nevada topography, California. Tectonics 28, 6. 
Matthews, R. A., and Burnet, J. L. (1965) Geologic map of California: Fresno sheet. 
California Division of Mines and Geology.  
Mattinson, J. M. (2005) Zircon U-Pb chemical abrasion (“CA-TIMS”) method: 
Combined annealing and multi-step partial dissolution analysis for improved 
precision and accuracy of zircon ages. Chemical Geology 220, 47–66. 
McAtamney, J., Cottle, J. and Blackford, N. (2014) U-Pb geochronology of a nested 
pluton: Mount Whitney Intrusive Suite, Sierra Nevada, California. Geological 
Society of America Abstracts with Programs 46, Abstract: 180–7. 
McPhillips, D. and Brandon, M. T. (2010) Using tracer thermochronology to measure 
modern relief change in the Sierra Nevada, California. Earth and Planetary 
Science Letters 296, 373–383. 
McPhillips, D. and Brandon, M. T. (2012) Topographic evolution of the Sierra Nevada 
measured directly by inversion of low-temperature thermochronology. American 
Journal of Science 312, 90–116. 
Mercer, C. M. and Hodges, K. V. (2016) ArAR — A software tool to promote the robust 
comparison of K-Ar and 40Ar/39Ar dates published using different decay, isotopic, 
and monitor-age parameters. Chemical Geology 440, 148–163. 
Ducea, M. N., & Saleeby, J. B. (1996) Buoyancy sources for a large, unrooted mountain 
range, the Sierra Nevada, California: Evidence from xenolith thermobarometry. 
Journal of Geophysical Research: Solid Earth 101(B4), 8229–8244. 
Mulch, A., Graham, S. A., & Chamberlain, C. P. (2006). Hydrogen isotopes in Eocene 
river gravels and paleoelevation of the Sierra Nevada. Science 313(5783), 87–89. 
Mulch, A., Sarna-Wojcicki, A. M., Perkins, M. E. and Chamberlain, C. P. (2008) A 
Miocene to Pleistocene climate and elevation record of the Sierra Nevada 
(California). Proceedings of the National Academy of Sciences 105, 6819–6824. 
Nadin, E. S., Saleeby, J. and Wong, M. (2016) Thermal evolution of the Sierra Nevada 
batholith, California, and implications for strain localization. Geosphere 12(2), 
377–399. 
Nadin, E.S., and Saleeby, J.B. (2008) Disruption of regional primary structure of the 
Sierra Nevada batholith by the Kern Canyon fault system, California, in Wright, 
  207 
J.E., and Shervais, J.W., eds., Ophiolites, Arcs, and Batholiths: Geological 
Society of America Special Paper 438, 429–453.  
Neir, A.O. (1950) A redetermination of the relative abundance of the isotopes of carbon, 
nitrogen, oxygen, argon and potassium. Physics Review 77, 789–793.  
Paterson, S. R. and Ducea, M. N. (2015) Arc Magmatic Tempos: Gathering the Evidence. 
Elements 11, 91–98. 
Paton, C., Hellstrom, J., Paul B., Woodhead, J. and Hergt, J. (2011) Iolite: Freeware for 
the visualisation and processing of mass spectrometric data. Journal of Analytical 
Atomic Spectrometry 26, 2508–2518. 
Petrus, J. A., & Kamber, B. S. (2012) VizualAge: A novel approach to laser ablation 
ICP-MS U-Pb geochronology data reduction. Geostandards and Geoanalytical 
Research 36(3), 247–270. 
Poage, M. A. and Chamberlain, C. P. (2002) Stable isotopic evidence for a Pre-Middle 
Miocene rain shadow in the western Basin and Range: Implications for the 
paleotopography of the Sierra Nevada. Tectonics 21(4), 16-1. 
Reiners, P. W., & Brandon, M. T. (2006) Using thermochronology to understand 
orogenic erosion. Annual Review of Earth and Planetary Science 34, 419–466. 
Reiners, P. W., Spell, T. L., Nicolescu, S., & Zanetti, K. A. (2004) Zircon (U-Th)/He 
thermochronometry: He diffusion and comparisons with 40Ar/39Ar dating. 
Geochimica et Cosmochimica Acta 68(8), 1857–1887. 
Renne, P. R., Balco, G., Ludwig, K. R., Mundil, R. and Min, K. (2011) Response to the 
comment by W.H. Schwarz et al. on “Joint determination of 40K decay constants 
and 40Ar∗/40K for the Fish Canyon sanidine standard, and improved accuracy for 
40Ar/39Ar geochronology” by P.R. Renne et al. (2010) Geochimica et 
Cosmochimica Acta 75, 5097–5100. 
Renne, P. R., Deino, A. L., Hames, W. E., Heizler, M. T., Hemming, S. R., Hodges, K. 
V., Koppers, A. A. P., Mark, D. F., Morgan, L. E., Phillips, D., Singer, B. S., 
Turrin, B. D., Villa, I. M., Villeneuve, M. and Wijbrans, J. R. (2009) Data 
reporting norms for 40Ar/39Ar geochronology. Quaternary Geochronology 4, 346–
352. 
Riebe, C. S., Sklar, L. S., Lukens, C. E. and Shuster, D. L. (2015) Climate and 
topography control the size and flux of sediment produced on steep mountain 
slopes. Proceedings of the National Academy of Sciences 112(51), 15574–15579. 
Roddick, J.C., Cliff, R.A. and Rex, D.C. (1980) The evolution of excess argon in Alpine 
biotites – A 40Ar-39Ar analysis. Earth And Planetary Science Letters 48, 185–208. 
  208 
Ruhl, K. W. and Hodges, K. V. (2005) The use of detrital mineral cooling ages to 
evaluate steady state assumptions in active orogens: An example from the central 
Nepalese Himalaya. Tectonics 24(4). 
Saleeby, J., Ducea, M. and Clemens-Knott, D. (2003) Production and loss of high-density 
batholithic root, southern Sierra Nevada, California. Tectonics 22(6). 
Saleeby, J. B., Kistler, R. W., Longiaru, S., Moore, J. G., Nokleberg, W. J., & Anderson, 
J. L. (1990) Middle Cretaceous silicic metavolcanic rocks in the Kings Canyon 
area, central Sierra Nevada, California. The nature and origin of Cordilleran 
magmatism: Geological Society of America Memoir 174, 251–270. 
Shuster, D.L., Flowers, R.M. and Farley, K.A. (2006) The influence of natural radiation 
damage on helium diffusion kinetics in apatite. Earth and Planetary Science 
Letters 249, 148–161. 
Sousa, F. J., Saleeby, J., Farley, K. A., Unruh, J. R. and Lloyd, M. K. (2017) The 
southern Sierra Nevada pediment, central California. Geosphere 13, 82–101. 
Stacey, J. T., & Kramers, 1. (1975) Approximation of terrestrial lead isotope evolution by 
a two-stage model. Earth and planetary science letters 26(2), 207–221. 
Stern, C. R., & Wyllie, P. J. (1981) Phase relationships of I‐type granite with H2O to 35 
kilobars: The Dinkey Lakes biotite‐granite from the Sierra Nevada Batholith. 
Journal of Geophysical Research: Solid Earth 86(B11), 10412–10422. 
Stewart, R. J., B. Hallet, P. K. Zeitler, M. A. Malloy, C. M. Allen, and D. Trippett (2008) 
Brahmaputra sediment flux dominated by highly localized rapid erosion from the 
easternmost Himalaya, Geology 36(9), 711–714. 
Stock, G. M., Anderson, R. S. and Finkel, R. C. (2004) Pace of landscape evolution in the 
Sierra Nevada, California, revealed by cosmogenic dating of cave sediments. 
Geology 32, 193–4. 
Stock, G. M., Anderson, R. S. and Finkel, R. C. (2005) Rates of erosion and topographic 
evolution of the Sierra Nevada, California, inferred from cosmogenic 26Al and 
10Be concentrations. Earth Surface Processes Landforms 30, 985–1006. 
Stock, G. M., Ehlers, T. A. and Farley, K. A. (2006) Where does sediment come from? 
Quantifying catchment erosion with detrital apatite (U-Th)/He 
thermochronometry. Geology 34, 725. 
Stone, P., Dunne, G. C., Moore, J. G., and Smith, G. I. (2000) Geologic map of the Lone 
Pine 15’ quadrangle, Inyo county, California. United States Geologic Survey.  
Thiede, R. C. and Ehlers, T. A. (2013) Large spatial and temporal variations in 
Himalayan denudation. Earth and Planetary Science Letters 371-372, 278–293. 
  209 
Thomson, S. N., Gehrels G. E., Ruiz J. and Buchwaldt R. (2012) Routine low-damage 
apatite U-Pb dating using laser ablation-multicollector-ICPMS. Geochemistry 
Geophysics Geosystems 13(2). 
Thomson, S. N., Reiners, P. W., Hemming, S. R. and Gehrels, G. E. (2013) The 
contribution of glacial erosion to shaping the hidden landscape of East Antarctica. 
Nature Geoscience 6, 203–207. 
Unruh, J. R. (1991) The uplift of the Sierra Nevada and implications for late Cenozoic 
epeirogeny in the western Cordillera. Geological Society of America Bulletin 103, 
1395–1404. 
Vermeesch, P. (2007) Quantitative geomorphology of the White Mountains (California) 
using detrital apatite fission track thermochronology. Journal of Geophysical 
Research 112, F03004. 
Vermeesch, P. (2012) On the visualisation of detrital age distributions. Chemical Geology 
312, 190–194. 
Vermeesch, P., Sherlock, S. C., Roberts, N. M. W. and Carter, A. (2012) A simple 
method for in-situ U-Th-He dating. Geochimica et Cosmochimica Acta 79, 140–
147. 
Vermeesch, P. and Tian, Y. (2014) Thermal history modelling: HeFTy vs. QTQt. Earth-
Science Reviews 139, 279–290. 
Wakabayashi, J. and Sawyer, T. L. (2001) Stream Incision, Tectonics, Uplift, and 
Evolution of Topography of the Sierra Nevada, California. The Journal of 
Geology 109, 539–562. 
Wendt, I., and Carl, C. (1991) The statistical distribution of the mean squared weighted 
deviation. Chemical Geology 86, 275–285. 
Wobus, C. W., Hodges, K. V. and Whipple, K. X. (2003) Has focused denudation 
sustained active thrusting at the Himalayan topographic front? Geology 31(10), 
861–864. 
Wobus, C. W., Whipple, K. X. and Hodges, K. V. (2006) Neotectonics of the central 
Nepalese Himalaya: Constraints from geomorphology, detrital 40Ar/39Ar 
thermochronology, and thermal modeling. Tectonics 25(4). 
York, D., N. M. Evensen, M. L. Martinez, and J. D. Delgado (2004), Unified equations 
for the slope, intercept, and standard errors of the best straight line, American 
Journal of Physics 72(3), 367–375. 
  210 
14. Tables 
 
  211 
 
 
  212 
 
  213 
 
  214 
 
  215 
 
  216 
 
  217 
 
  218 
15. Figures 
FIGURE 5.1 
  219 
FIGURE 5.2 
  220 
FIGURE 5.3 
  221 
FIGURE 5.4 
  222 
FIGURE 5.5 
 
  223 
CHAPTER 6 
SYNTHESIS  
Chapters 2-5 of this dissertation have presented the primary scientific results of 
the research I have conducted over the last five years in pursuit of a doctoral degree in the 
geological sciences. In this final chapter, I summarize the key contributions discussed in 
the preceding chapters and provide ideas for future investigations that could augment 
and/or enhance the presented techniques and results.  
1. A Novel Technique for Integrated Laser Ablation U/Pb and (U-Th)/He Double 
Dating 
The first key contribution of this dissertation is a proof-of-concept study that 
outlines protocols for an innovative laser ablation double dating (LADD) technique 
yielding both U/Pb and (U-Th)/He dates for U + Th bearing accessory minerals. Chapter 
2 focused on the viability of the technique for accurately dating both zircon and titanite, 
which was demonstrated via both conventional and laser ablation dating of material from 
the Fish Canyon tuff. The results confirmed the accuracy of the LADD technique for 
obtaining paired crystallization and cooling ages for both zircon and titanite crystals and 
highlighted sources of decreased precision associated with the technique. In Chapter 3, 
the practicality of implementing the same technique for dating apatite crystals was 
demonstrated. The results of the work presented in Chapter 3 confirm the accuracy of 
LADD for dating apatite crystals as well and provided further analysis of how parameters 
such as the volume of material analyzed, parent isotope concentration, and apparent age 
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of the analyte may influence the magnitude of uncertainty in the (U-Th)/He dates 
produced. 
The LADD technique provides an efficient and accurate means of obtaining 
paired U/Pb and (U-Th)/He dates from zircon, titanite, and apatite crystals. This method 
offers distinct advantages over conventional approaches to obtaining these dates, such as 
obviating the need for an FT correction, enabling accurate analysis of broken or rounded 
detrital crystals, providing the opportunity for crystal mapping via backscattered electron 
(BSE), cathodal luminescence (CL), or Raman spectroscopy, and enabling much faster 
sample through-put.  
1.1 Future Development of LADD 
While the LADD technique presented in this dissertation produces accurate ages, 
there are myriad ways in which the protocols could be enhanced and further developed to 
decrease the analytical imprecision of the resulting dates. First, it would be beneficial to 
continue developing a variety of synthetic concentration standards for U, Th, and Sm. 
The Group 18 research team has had success developing such a standard (the ‘SynZircon’ 
standard, Chapter 2), but there would be substantial benefit to developing similar 
standards for apatite and titanite. As error propagated from uncertainties in 238U, 232Th, 
and 147Sm concentration standards account for just under 30% of the analytical 
uncertainty in the calculated laser ablation (U-Th)/He dates, development of 
homogeneous standards with well constrained parent isotope concentrations could 
provide a satisfying reduction in the imprecision of the dates.  
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With respect to instrumentation, there are several enhancements that could 
improve both the analytical precision and enable a greater data yield. Utilizing a magnetic 
sector mass spectrometer for daughter isotope analyses would permit more precise 4He 
measurements given the higher sensitivity compared to the quadrupole mass spectrometer 
used for the noble gas measurements presented here. Since imprecision in 4He 
measurements accounts for just under half of the total analytical uncertainty of the 
calculated (U-Th)/He dates, this augmentation of the analytical protocols would likely 
provide the greatest reduction in imprecision. Installation of an effective mercury filter on 
the laser ablation inductively-coupled plasma mass spectrometry (LA–ICPMS) system 
could also minimize propagated uncertainties related to the 204Hg correction to 204Pb and 
consequently minimize the imprecision propagated by common Pb corrections. Finally, 
simultaneous measurements of Ti (during zircon analyses) or Zr (during titanite analyses) 
would permit element partitioning thermometry estimates to be made for each crystal 
(e.g. Ferry and Watson, 2007; Hayden et al., 2008).  
Aside from improvements to the analytical workflow and instrumentation utilized 
for the experiments, the LADD technique could easily be augmented to date other U + Th 
bearing minerals, such as rutile, xenotime, and monazite. Some experimental work in 
Group 18 Laboratories has already been done to appraise the feasibility of dating detrital 
rutile and those experiments returned promising results.  
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2. Effective “Modes” of Estimating Exhumation Rate from Detrital 
Thermochronologic Datasets 
Chapter 4 presented a combination of bedrock and detrital zircon (U-Th)/He dates 
from four catchments in the southeastern Sierra Nevada. The bedrock zircon datasets 
showed that interpreting age elevation relationships from a single linear regression could 
lead to misinformation about the range of plausible exhumation histories. Alternatively, 
the detrital data presented showed that appropriating the range of detrital dates to 
estimate exhumation rates led to viable estimates of catchment-wide exhumation rates. A 
key conceptual contribution of this chapter was that perhaps the best strategy for using 
thermochronologic data to estimate exhumation rates may be to begin with a detrital 
approach and conduct targeted follow-up bedrock studies to probe more pointed 
hypotheses.  
The following chapter continued to explore methods for deriving meaningful 
interpretations from detrital samples and proposed a novel hypothesis for the 
approximation of thermal histories – the use of the primary peaks, or “principal mode”, 
dates from detrital apparent age distributions as key constraints on 1-D thermal modeling. 
In this chapter a combination of paired detrital apatite (U-Th)/He and U/Pb dates, detrital 
hornblende 40Ar/39Ar, and paired detrital zircon (U-Th)/He and U/Pb dates from modern 
fluvial detritus retrieved from two catchments in the southeastern Sierra Nevada were 
collected. Those dates were then used to constrain local temperature-time (T-t) histories 
for the plutonic rocks from which the detrital samples were derived using the software 
QTQt (Gallagher, 2012). Model results indicated a distinct difference in the thermal 
histories of the two catchments despite their relative proximity (37 km) and demonstrated 
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the viability of such detrital approaches for rapidly and accurately constraining regional 
variation in cooling histories.  
2.1 Further Utility for Detrital Datasets 
Modern fluvial detritus is an excellent source of accessible, data-rich material. 
Implementing integrated geo- and thermochronologic techniques to date multiple 
minerals from such a sample could be a fruitful method for both reconnaissance studies 
as well as for broadening the interpretations of exhumation histories across the length of 
an entire mountain range. While large mountain ranges could benefit from using multi-
chronometer techniques to evaluate exhumation of the orogen along strike (as was done 
in Chapter 5 for the Sierra Nevada), the principal mode technique may not work as well 
for drainages with high lithologic variability. In such cases, designing studies that sample 
several smaller, lithologically uniform tributaries just above their confluence with the 
trunk river could make the approach of Chapter 5 more successful. Overall, future work 
should include testing the approaches presented in Chapters 4 and 5 on much larger and 
geologically complex drainages to further determine the viability of detrital approaches.  
3. Understanding Exhumation in the Sierra Nevada 
Chapter 5 used a suite of geo- and thermochronometers to constrain plausible 
cooling histories via the modeling software QTQt (Gallagher, 2012). The results 
illustrated that the Whitney granodiorite, sampled by Tuttle Creek detritus, experienced 
rapid cooling for approximately 5 Myr following crystallization at 85.42 ± 0.84 Ma. 
From 80 to 60 Ma, the cooling rate of the pluton decreased and then persisted at 
~ 2 °C Myr-1 throughout the Cenozoic. Further south, modeling results indicated that the 
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granodiorite of Olancha Pass experienced generally consistent cooling from 
crystallization at 163 ± 26 Ma at a rate of ~ 4 °C Myr-1. Nominal exhumation rates 
derived from these results are comparable to other estimates from the southern Sierra 
Nevada and are indistinguishable from one another post ~ 60 Ma.  
3.1 Further work in the Sierra Nevada 
One way to extend the interpretations made in Chapter 5 would be to carry out 
similar work in more catchments along the eastern Sierra Nevada. The easiest way to do 
this would be to collect additional thermochronologic dates from the 9 Mile Canyon and 
Wonoga Pass samples which have been analyzed for zircon (U-Th)/He and U/Pb dates. 
Additional detrital zircon (U-Th)/He and U/Pb dates exist from a catchment near Lake 
Tahoe and additional thermochronologic dates from this detrital sample would also 
significantly broaden the scope (north to south) of Chapter 5. Alternatively, targeted 
bedrock sampling within the Olancha pass catchment and use of additional 
thermochronometers (e.g. 40Ar/39Ar dating of micas) could help further confirm the 
consistency of the Olancha Pass Granodiorite’s cooling rate through time. Additional 
work to broaden the scope of known cooling histories in the Sierra Nevada regional could 
be accomplished via the inclusion of models derived from either detrital or bedrock 
thermochronologic datasets from the Alabama and/or Poverty Hills, which have been 
interpreted to be a dropped down normal fault block (Ali et al., 2009), or across the 
Owens valley in the Inyo Mountains.
  229 
4. References 
Ali, G. A., Reiners, P. W. and Ducea, M. N. (2009) Unroofing history of Alabama and 
Poverty Hills basement blocks, Owens Valley, California, from apatite (U–Th)/He 
thermochronology. International Geology Review 51(9-11), 1034–1050. 
Ferry, J. M. and Watson, E. B. (2007) New thermodynamic models and revised 
calibrations for the Ti-in-zircon and Zr-in-rutile thermometers. Contributions to 
Mineralogy and Petrology 154, 429–437. 
Gallagher, K. (2012) Transdimensional inverse thermal history modeling for quantitative 
thermochronology. Journal of Geophysical Research: Solid Earth 117, B02408.  
Hayden, L. A., Watson, E. B., and Wark, D. A. (2008) A thermobarometer for sphene 
(titanite). Contributions to Mineralogy and Petrology 155, 529–540. 
  230 
REFERENCES 
Aleinikoff, J. N., Wintsch, R. P., Tollo, R. P., Unruh, D. M., Fanning, C. M., and 
Schmitz, M. D. (2007) Ages and origins of rocks of the Killingworth dome, 
south-central Connecticut: Implications for the tectonic evolution of southern 
New England. American Journal of Science 307, 63–118. 
Ali, G. A., Reiners, P. W. and Ducea, M. N. (2009) Unroofing history of Alabama and 
Poverty Hills basement blocks, Owens Valley, California, from apatite (U–Th)/He 
thermochronology. International Geology Review 51(9-11), 1034–1050. 
Andersen, T. (2002) Correction of common lead in U–Pb analyses that do not report 
204Pb. Chemical Geology 192, 59–79. 
Anderson, A. J., Hodges, K. V., and van Soest, M. C. (2017) Empirical constraints on the 
effects of radiation damage on helium diffusion in zircon. Geochimica et 
Cosmochimica Acta 218, 308–322. 
Ault, A. K. and Flowers, R. M. (2012) Is apatite U–Th zonation information necessary 
for accurate interpretation of apatite (U–Th)/He thermochronometry data? 
Geochimica et Cosmochimica Acta 79, 60–78. 
Bachmann, O., Oberli, F., Dungan, M. A., Meier, M., Mundil, R., and Fischer, H. (2007) 
40Ar/39Ar and U-Pb dating of the Fish Canyon magmatic system, San Juan 
Volcanic field, Colorado: Evidence for an extended crystallization history. 
Chemical Geology 236, 134–166. 
Barbarand J., Carter A., Wood I. and Hurford T. (2003) Compositional and structural 
control of fission-track annealing in apatite. Chemical Geology 198, 107–137.  
Bateman, P.C., and Wahrhaftig, C. (1966) Geology of the Sierra Nevada, in Bailey, E.H., 
ed., Geology of Northern California: California Division of Mines and Geology 
Bulletin 190, 107–172.  
Bateman, P.C., and Eaton, J.P. (1967) Sierra Nevada Batholith: The batholith was 
generated within a synclinorium. Science 158(3807), 1407–1417. 
Bateman, P. C. (1992) Plutonism in the central part of the Sierra Nevada batholith, 
California (No. 1483). 
Benjamin, M.T., Johnson, N.M. and Naeser, C.W. (1987) Recent rapid uplift in Bolivian 
Andes: evidence from fission track dating. Geology 15, 680–683.  
Bernet, M., Zattin, M., Garver, J. I., Brandon, M. T., and Vance, J. A. (2001) Steady-state 
exhumation of the European Alps. Geology 29(1), 35-38. 
  231 
Bernet, M., Brandon, M. T., Garver, J. I. and Molitor, B. (2004) Downstream Changes of 
Alpine Zircon Fission-Track Ages in the Rhone and Rhine Rivers. Journal of 
Sedimentary Research 74, 82–94. 
Bernet, M., van der Beeek, P., Pik, R., Huyghe, P., Mugnier, J.-L., Labrin, E., and Szulc, 
A. (2006) Miocene to Recent exhumation of the central Himalaya determined 
from combined detrital zircon fission-track and U/Pb analysis of Siwalik 
sediments, western Nepal. Basin Research 18, 393–412. 
Blythe, A.E. and Longinotti, N. (2013) Exhumation of the southern Sierra Nevada-
eastern Tehachapi Mountains constrained by low-temperature thermochronology: 
Implications for the initiation of the Garlock fault. Lithosphere 5, 321–327. 
Böhlke, J.K., de Laeter, J.R., de Biévre, P., Hidaka, H., Peiser, H.S., Rosman, K.J.R., 
Taylor, P.D.P. (2005) Isotopic compositions of the elements, 2001. Journal of 
Physical and Chemical Reference Data 34(1), 57–67.  
Boyce, J. W. and Hodges, K. V. (2005) U and Th zoning in Cerro de Mercado (Durango, 
Mexico) fluorapatite: Insights regarding the impact of recoil redistribution of 
radiogenic 4He on (U–Th)/He thermochronology. Chemical Geology 219, 261–
274.  
Boyce, J. W., Hodges, K. V., Olszewski, W. J., Jercinovic, M. J., Carpenter, B. D. and 
Reiners, P. W. (2006) Laser microprobe (U–Th)/He geochronology. Geochimica 
et Cosmochimica Acta 70(12), 3031-3039. 
Boyce, J. W., Hodges, K. V., King, D., Crowley, J. L., Jercinovic, M. J., Chatterjee, N., 
Bowring, S. A., and Searle, M. P. (2009) Improved precision in (U-Th)/He 
thermochronology using the laser microprobe: An example from a Pleistocene 
leucogranite, Nanga Parbat, Pakistan. Geochemistry Geophysics Geosystems 
10(9). 
Brady, R., Ducea M., Kidder, S. and Saleeby, J. (2006) The distribution of radiogenic 
heat production as a function of depth in the Sierra Nevada Batholith, California. 
Lithos 86, 229–244. 
Braun, J. (2002) Estimating exhumation rate and relief evolution by spectral analysis of 
age–elevation datasets. Terra Nova, 14(3), 210–214. 
Braun, J. (2005) Quantitative constraints on the rate of landform evolution derived from 
low-temperature thermochronology, in Reiners, P. W., and Ehlers, T. A., eds., 
Thermochronology: Washington, DC, Mineralogical Society of America, Reviews 
in Mineralogy and Geochemistry 58, 351–374. 
Braun, J., Gemignani, L. and van der Beek, P. (2018) Extracting information on the 
spatial variability in erosion rate stored in detrital cooling age distributions in 
river sands. Earth Surface Dynamics 6, 257–270. 
  232 
Brewer, I. D., Burbank, D. W. and Hodges, K. V. (2003) Modeling detrital cooling‐age 
populations: insights from two Himalayan catchments. Basin Research 15, 305–
320.  
Brewer, I. D., Burbank, D. W. and Hodges, K. V. (2006) Downstream development of a 
detrital cooling-age signal: Insights from 40Ar/39Ar muscovite thermochronology 
in the Nepalese Himalaya, Special Papers: Geological Society of America 
398(2006), 321.  
Brown, R. W. (1991) Backstacking apatite fission-track stratigraphy: A method for 
resolving the erosional and isostatic rebound components of tectonic uplift 
histories. Geology 19, 74–77. 
Campbell, I.H., Reiners, P.W., Allen, C.M., Nicolescu, S. and Upadhyay, R. (2005) He-
Pb double dating of detrital zircons from the Ganges and Indus Rivers: 
Implication for quantifying sediment recycling and provenance studies. Earth And 
Planetary Science Letters 237, 402–432. 
Carrapa B., Wijbrans, J. and Bertotti, G. (2003) Episodic exhumation in the Western 
Alps. Geology 31(7), 601-604. 
Carrapa, B., DeCelles, P. G., Reiners, P. W., Gehrels, G. E. and Sudo, M. (2009) Apatite 
triple dating and white mica 40Ar/39Ar thermochronology of syntectonic detritus 
in the Central Andes: A multiphase tectonothermal history. Geology 37(5), 407-
410. 
Cassel, E. J., Graham, S. A. and Chamberlain, C. P. (2009) Cenozoic tectonic and 
topographic evolution of the northern Sierra Nevada, California, through stable 
isotope paleoaltimetry in volcanic glass. Geology 37, 547–550. 
Cassel, E. J., Graham, S. A., Chamberlain, C. P. and Henry, C. D. (2012) Early Cenozoic 
topography, morphology, and tectonics of the northern Sierra Nevada and western 
Basin and Range. Geosphere 8, 229–249. 
Cebula, G. T., Kunk, M. J., Mehnert, H. H., Naeser, C. W., Obradovich, J. D., and Sutter, 
J. F. (1986) The Fish Canyon Tuff, a potential standard for the 40Ar-39Ar and 
fission-track methods. Terra Cognita 6, 139–140. 
Cecil, M. R., Ducea, M. N., Reiners, P. W. and Chase, C. G. (2006) Cenozoic 
exhumation of the northern Sierra Nevada, California, from (U-Th)/He 
thermochronology. Geological Society of America Bulletin 118, 1481–1488. 
Cerveny, P. F., Naeser, N. D., Zeitler, P. K., Naeser, C. W., and Johnson, N. M. (1988) 
History of uplift and relief of the Himalaya during the past 18 million years: 
Evidence from fission-track ages of detrital zircons from sandstones of the 
Siwalik Group, in New perspectives in basin analysis, Springer, New York, NY, 
43-61. 
  233 
Chamberlain, K. R. and Bowring, S. A. (2001) Apatite–feldspar U–Pb 
thermochronometer: a reliable, mid-range (∼450°C), diffusion-controlled system. 
Chemical Geology 172, 173–200. 
Chapman, A. D., Saleeby, J. B. and Wood, D. J. (2012) Late Cretaceous gravitational 
collapse of the southern Sierra Nevada batholith, California. Geosphere 8(2), 
314–341. 
Chen, J.H., and Moore, J.G. (1979) Late Jurassic Independence dike swarm in eastern 
California. Geology 7(3), 129-133.  
Chen, J. H. and Moore, J. G. (1982) Uranium‐lead isotopic ages from the Sierra Nevada 
Batholith, California. Journal of Geophysical Research: Solid Earth  87, 4761–
4784. 
Cherniak, D. J., Lanford, W. A. and Ryerson, F. J. (1991) Lead diffusion in apatite and 
zircon using ion implantation and Rutherford Backscattering techniques. 
Geochimica et Cosmochimica Acta 55, 1663–1673. 
Cherniak, D. J. (2000) Rare earth element diffusion in apatite. Geochimica et 
Cosmochimica Acta 64, 3871–3885.  
Cherniak, D. J. and Watson, E. B. (2001). Pb diffusion in zircon. Chemical Geology, 172, 
5-24. 
Cherniak, D. J. (2005) Uranium and manganese diffusion in apatite. Chemical Geology 
219, 297–308.  
Cherniak, D. J., Watson, E. B., and Thomas, J. B. (2009) Diffusion of helium in zircon 
and apatite. Chemical Geology 268, 155-166. 
Chew, D. M. and Donelick, R. A. (2012) Combined Apatite Fission Track and U–Pb 
Dating by LA–ICP–MS and Its Application in Apatite Provenance Analysis. 
Mineralogical Association of Canada Short Course 42, 219–247.  
Chew, D. M., Petrus, J. A., and Kamber, B. S. (2014) U-Pb LA-ICPMS dating using 
accessory mineral standards with variable common Pb. Chemical Geology 363, 
185–199. 
Chew, D. M., Babechuk, M. G., Cogné, N., Mark, C., O'Sullivan, G. J., Henrichs, I. A., 
Doepke, D. and McKenna, C. A. (2016) (LA,Q)–ICPMS trace-element analyses 
of Durango and McClure Mountain apatite and implications for making natural 
LA–ICPMS mineral standards. Chemical Geology 435, 35–48. 
Clark, M. K., Maheo, G., Saleeby, J. and Farley, K. A. (2005) The non-equilibrium 
landscape of the southern Sierra Nevada, California. GSA Today 15(9), 4. 
  234 
Cochrane, R., Spikings, R. A., Chew, D., Wotzlaw, J.-F., Chiaradia, M., Tyrrell, S., 
Schaltegger, U. and Van der Lelij, R. (2014) High temperature (>350°C) 
thermochronology and mechanisms of Pb loss in apatite. Geochimica et 
Cosmochimica Acta 127, 39–56.  
Coleman, D., Glazner, A. (1998) The Sierra crest magmatic event; rapid formation of 
juvenile crust during the Late Cretaceous in California. In: Ernst, W.G. & Nelson, 
C.A. (eds) Integrated Earth and Environmental Evolution of the Southwestern 
United States, 253–272, Bellwether Publishing Ltd., Columbia, MD.  
Coleman, D. S., Gray, W. and Glazner, A. F. (2004) Rethinking the emplacement and 
evolution of zoned plutons: Geochronologic evidence for incremental assembly of 
the Tuolumne Intrusive Suite, California. Geology 32, 433–4. 
Copeland, P. and Harrison, T. M. (1990) Episodic rapid uplift in the Himalaya revealed 
by 40Ar/39Ar analysis of detrital K-feldspar and muscovite, Bengal fan. Geology 
18, 354–357.  
Cox, S.E., Thomson, S.N., Reiners, P.W., Hemming, S.R. and van de Flierdt, T. (2010) 
Extremely low long-term erosion rates around the Gamburtsev Mountains in 
interior East Antarctica. Geophysical Research Letters 37, doi: 
10.1029/2010gl045106. 
Crowley, P. D., Reiners, P. W., Reuter, J. M. and Kaye, G. D. (2002) Laramide 
exhumation of the Bighorn Mountains, Wyoming: An apatite (U-Th)/He 
thermochronology study. Geology 30, 27–30.  
Crowley, B. E., Koch, P. L. and Davis, E. B. (2008) Stable isotope constraints on the 
elevation history of the Sierra Nevada Mountains, California. Geological Society 
of America Bulletin 120, 588–598. 
DeCelles, P. G., Ducea, M. N., Kapp, P. and Zandt G. (2009) Cyclicity in Cordilleran 
orogenic systems. Nature Geoscience 2, 251–257. 
Dobson, K. J., Stuart, F. M. and Dempster, T. J. (2008) U and Th zonation in Fish 
Canyon Tuff zircons: Implications for a zircon (U–Th)/He standard. Geochimica 
et Cosmochimica Acta 72, 4745–4755.  
Dodson, M. H. (1986). Closure profiles in cooling systems. Materials Science Forum, 7, 
145-154. 
du Bray, E.A., and Moore, J.G., 1985. Geologic map of the Olancha quadrangle, southern 
Sierra Nevada, California. United States Geologic Survey.  
Ducea, M. N., & Saleeby, J. B. (1996) Buoyancy sources for a large, unrooted mountain 
range, the Sierra Nevada, California: Evidence from xenolith thermobarometry. 
Journal of Geophysical Research: Solid Earth 101(B4), 8229–8244. 
  235 
Ducea, M., and Saleeby, J. (1998) A Case for Delamination of the Deep Batholithic Crust 
beneath the Sierra Nevada, California. International Geology Review 40(1), 78-
93.  
Ducea, M. (2001) The California arc: Thick granitic batholiths, eclogitic residues, 
lithospheric-scale thrusting, and magmatic flare-ups. GSA Today 11(11), 4-10.  
Ducea, M. N. and Barton, M. D. (2007) Igniting flare-up events in Cordilleran arcs. 
Geology 35, 1047–4. 
Dumitru, T. A., Gans, P. B., Foster, D. A. and Miller, E. L. (1991) Refrigeration of the 
western Cordilleran lithosphere during Laramide shallow-angle subduction. 
Geology 19, 1145–1148. 
Duvall, A. R., Clark, M. K., Avdeev, B., Farley, K. A. and Chen, Z. (2012) Widespread 
late Cenozoic increase in erosion rates across the interior of eastern Tibet 
constrained by detrital low‐temperature thermochronometry. Tectonics 31(3). 
Ehlers, T. A., Szameitat, A., Enkelmann, E., Yanites, B. J. and Woodsworth, G. J. (2015) 
Identifying Spatial Variations in Glacial Catchment Erosion with Detrital 
Thermochronology. Journal of Geophysical Research: Earth Surface 120, 1023–
1039. 
Enkelmann, E., T. A. Ehlers, P. K. Zeitler, and B. Hallet (2011), Denudation of the 
Namche Barwa antiform, eastern Himalaya, Earth and Planetary Science Letters 
307(3-4), 323–333. 
Enkelmann, E. and Ehlers, T. A. (2015) Evaluation of detrital thermochronology for 
quantification of glacial catchment denudation and sediment mixing. Chemical 
Geology 411, 299–309.  
Eusden, J. D. and Lux, D. R. (1994) Slow late Paleozoic exhumation in the Presidential 
Range of New Hampshire as determined by the 40Ar/39Ar relief method. Geology 
22, 909–912.  
Evans, N.J., McInnes, B. I. A., McDonald, B., Danisik, M., Jourdan, F., Mayers, C., 
Thern, E., and Corbett, D. (2012) Emplacement age and thermal footprint of the 
diamondiferous Ellendale E9 lamproite pipe, Western Australia. Mineralium 
Deposita 48, 413–421. 
Evans, N.J., McInnes, B.I.A., McDonald, B., Danišík, M., Becker, T., Vermeesch, P., 
Shelley, M., Marillo-Sialer, E. and Patterson, D.B. (2015) An in situ technique for 
(U–Th–Sm)/He and U–Pb double dating. Journal of Analytical Atomic 
Spectrometry 30(7), 1636-1645. 
  236 
Evernden, J. F. and Kistler, R. W. (1970) Chronology of emplacement of Mesozoic 
batholithic complexes in California and western Nevada: United States 
Geological Survey Professional Paper. 
Farley, K. A., Wolf, R. A. and Silver, L. T. (1996) The effects of long alpha-stopping 
distances on (U-Th)/He ages. Geochimica et Cosmochimica Acta 60, 4223–4229.  
Farley, K. A. (2000) Helium diffusion from apatite: General behavior as illustrated by 
Durango fluorapatite. Journal of Geophysical Research: Solid Earth 105, 2903–
2914. 
Farley, K. A., Shuster, D. L., and Ketcham, R. A. (2011). U and Th zonation in apatite 
observed by laser ablation ICPMS, and implications for the (U-Th)/He system. 
Geochimica et Cosmochimica Acta, 75, 4515-4530. 
Fedo, C. M., Sircombe, K. N., & Rainbird, R. H. (2003). Detrital zircon analysis of the 
sedimentary record. Reviews in Mineralogy and Geochemistry 53(1), 277-303.;  
Ferry, J. M. and Watson, E. B. (2007) New thermodynamic models and revised 
calibrations for the Ti-in-zircon and Zr-in-rutile thermometers. Contributions to 
Mineralogy and Petrology 154, 429–437. 
Fitzgerald, P. G., Sorkhabi, R. B., Redfield, T. F. and Stump, E. (1995) Uplift and 
denudation of the central Alaska Range: A case study in the use of apatite fission 
track thermochronology to determine absolute uplift parameters. Journal of 
Geophysical Research: Solid Earth 100, 20175–20191.  
Flowers, R.M., Shuster, D.L., Wernicke, B.P. and Farley, K.A. (2007) Radiation damage 
control on apatite (U-Th)/He dates from the Grand Canyon region, Colorado 
Plateau. Geology 35, 447–450.  
Flowers, R.M., Ketcham, R.A., Shuster, D.L. and Farley, K.A. (2009) Apatite (U-Th)/He 
thermochronometry using a radiation damage accumulation and annealing model. 
Geochimica et Cosmochimica Acta 73, 2347–2365.  
Flude, S., Sherlock, S. C., Lee, M. R., and Kelley, S. P. (2013) Disturbance to the Ar/Ar 
system in feldspars by electron and ion beam irradiation. Chemical Geology 355, 
1–12. 
Frassetto, A. M., Zandt, G., Gilbert, H., Owens, T. J. and Jones, C. H. (2011) Structure of 
the Sierra Nevada from receiver functions and implications for lithospheric 
foundering. Geosphere 7, 898–921.  
Gallagher, K. (2012) Transdimensional inverse thermal history modeling for quantitative 
thermochronology. Journal of Geophysical Research: Solid Earth 117, B02408.  
  237 
Garver, J. I. and Brandon, M. T. (1994) Erosional denudation of the British Columbia 
Coast Ranges as determined from fission-track ages of detrital zircon from the 
Tofino basin, Olympic Peninsula, Washington. Geological Society of America 
Bulletin 106, 1398–1412. 
Garver, J. I., Brandon, M. T., Roden-Tice, M., and Kamp, P. J. (1999) Exhumation 
history of orogenic highlands determined by detrital fission-track 
thermochronology. Geological Society of London, Special Publications 154(1), 
283-304. 
Gautheron, C., Tassan-Got, L., Barbarand, J., and Pagel, M. (2009) Effect of alpha-
damage annealing on apatite (U-Th)/He thermochronometry. Chemical Geology 
266, 157–170. 
Gautheron, C., Tassan-Got, L., Ketcham, R. A., and Dobson, K. J. (2012) Accounting for 
long alpha-particle stopping distances in (U-Th-Sm)/He geochronology: 3D 
modeling of diffusion, zoning, implantation, and abrasion. Geochimica et 
Cosmochimica Acta 96, 44–56. 
Gehrels, G. (2012) Detrital zircon U-Pb geochronology: Current methods and new 
opportunities, in Tectonics of Sedimentary Basins: Recent Advances, Editors 
Busby, C. and Perez, A. A., Blackwell: Oxford, U.K., 47-62.  
Gilbert, H., Yang, Y., Forsyth, D.W., Jones, C.H., Owens, T.J., Zandt, G., Stacknik, J.C. 
(2012) Imaging lithospheric foundering in the structure of the Sierra Nevada. 
Geosphere 8(6), 1310–1330.  
Gleadow, A. J. W., McKelvey, B. E. and Ferguson, K. U. (1984) Uplift history of the 
Transantarctic Mountains in the Dry Valleys area, southern Victoria Land, 
Antarctica, from apatite fission track ages. New Zealand Journal of Geology and 
Geophysics 27, 457–464.   
Gleadow, A., Harrison, M., Kohn, B., Lugo-Zazueta, R., and Phillips, D. (2015) The Fish 
Canyon Tuff: A new look at an old low-temperature thermochronology standard. 
Earth and Planetary Science Letters 424, 95–108. 
Glotzbach, C., Busschers, F.S. and Winsemann, J. (2018) Detrital thermochronology of 
Rhine, Elbe and Meuse river sediment (Central Europe): implications for 
provenance, erosion and mineral fertility. International Journal of Earth Sciences 
107, 459–479. 
Green, P. F., Duddy, I. R., Gleadow, A. J. W., Tingate, P. R. and Laslett, G. M. (1985) 
Fission-track annealing in apatite: Track length measurements and the form of the 
Arrhenius plot. Nuclear Tracks and Radiation Measurements 10, 323–328.  
Guenthner, W.R., Reiners, P.W., Ketcham, R.A., Nasdala, L. and Giester, G. (2013) 
Helium diffusion in natural zircon: Radiation damage, anisotropy, and the 
  238 
interpretation of zircon (U-Th)/He thermochronology. American Journal of 
Science 313, 145–198. 
Guenthner, W. R., Reiners, P. W. and Tian, Y. (2014) Interpreting date–eU correlations 
in zircon (U-Th)/He datasets: a case study from the Longmen Shan, China. Earth 
and Planetary Science Letters 403, 328–339. 
Harrison, T. M. (1981), Diffusion of 40Ar in hornblende, Contributions to Mineralogy 
and Petrology 78, 324–331. 
Hayden, L. A., Watson, E. B., and Wark, D. A. (2008) A thermobarometer for sphene 
(titanite). Contributions to Mineralogy and Petrology 155, 529–540. 
Hellstrom, J. C., Paton, C., Woodhead, J. D., and Hergt, M. (2008). Iolite: software for 
spatially resolved LA–(quad and MC) ICP–MS analysis. In: Sylvester, P. (Ed.), 
Laser Ablation ICP-MS in the Earth Sciences: Current Practices and Outstanding 
Issues. Mineralogical Association of Canada Short Course 40, Québec, Canada. 
Henrichs, I.A., O'Sullivan, G., Chew, D.M., Mark, C., Babechuk, M.G., McKenna, C. 
and Emo, R. (2018) The trace element and U-Pb systematics of metamorphic 
apatite. Chemical Geology 483, 218-238.  
Herman, F., Braun, J., Senden, T. J., and Dunlap, W. J. (2007) (U-Th)/He 
thermochronometry: Mapping 3D geometry using micro-X-ray tomography and 
solving the associated production-diffusion equation. Chemical Geology 242, 
126–136. 
Herman, F., Cox, S.C. and Kamp, P.J.J. (2009) Low-temperature thermochronology and 
thermokinematic modeling of deformation, exhumation, and development of 
topography in the central Southern Alps, New Zealand. Tectonics 28.  
Herman, F., Seward, D., Valla, P. G., Carter, A., Kohn, B., Willett, S. D. and Ehlers, T. 
A. (2013) Worldwide acceleration of mountain erosion under a cooling climate. 
Nature 504, 423–426. 
Hirt, W. H. (2007) Petrology of the Mount Whitney Intrusive Suite, eastern Sierra 
Nevada, California: Implications for the emplacement and differentiation of 
composite felsic intrusions. Geological Society of America Bulletin 119, 1185–
1200. 
Hodges, K. V., Ruhl, K. W., Wobus, C. W., & Pringle, M. S. (2005) 40Ar/39Ar 
thermochronology of detrital minerals, in Low-Temperature Thermochronology: 
Techniques, Interpretations, and Applications, Editors Reiners, P. W. and Ehlers, 
T. A.,  Reviews in Mineralogy and Geochemistry, 58, Washington, D.C., 239-
257. 
  239 
Hodges, K. V. (2014), Thermochronology in Orogenic Systems, in Treatise on 
Geochemistry, Second Edition, Volume 4, edited by H. D. Holland and K. K. 
Turekian, Elsevier, Oxford, 281–308. 
Horne A. M., van Soest M. C., Hodges K. V., Tripathy-Lang A. and Hourigan J. K. 
(2016) Integrated single crystal laser ablation U/Pb and (U–Th)/He dating of 
detrital accessory minerals: Proof-of-concept studies of titanites and zircons from 
the Fish Canyon tuff. Geochimica et Cosmochimica Acta 178, 106–123. 
Horne, A. M., van Soest, M. C., & Hodges, K. V. (2018) U/Pb and (U-Th-Sm)/He 
“double” dating of detrital apatite by laser ablation: A critical evaluation. 
Chemical Geology 506, 40–50. 
Horstwood, M.S.A., Foster, G.L., Parrish, R.R., Noble, S.R. and Nowell, G.M. (2003) 
Common-Pb corrected in situ U-Pb accessory mineral geochronology by LA-MC- 
ICP-MS. Journal of Analytical Atomic Spectrometry 18, 837–846.  
Hourigan, J. K., Reiners, P. W., and Brandon, M. T. (2005). U-Th zonation dependent 
alpha-ejection in (U-Th)/He chronometry. Geochimica et Cosmochimica Acta, 69, 
3349-3365. 
House, M. A., Wernicke, B. P. and Farley, K. A. (1997) Cenozoic thermal evolution of 
the central Sierra Nevada, California, from (U Th)/He thermochronometry. Earth 
and Planetary Science Letters 151, 167–179.  
House, M. A., Wernicke, B. P. and Farley, K. A. (1998) Dating topography of the Sierra 
Nevada, California, using apatite (U–Th)/He ages. Nature 396, 66–69.  
House, M. A., Farley, K. A., and Stockli, D. (2000) Helium chronometry of apatite and 
titanite using Nd-YAG laser heating. Earth and Planetary Science Letters 183, 
365–368. 
House, M. A., Wernicke, B. P. and Farley, K. A. (2001) Paleo-geomorphology of the 
Sierra Nevada, California, from (U-Th)/He ages in apatite. American Journal of 
Science 301(2), 77–102.  
House, M.A., Farley, K.A., Stockli, D. (2000) Helium chronometry of apatite and titanite 
using Nd-YAG laser heating. Earth and Planetary Science Letters 183, 365–368.  
Housh, T.B. and Bowring, S.A. (1991) Lead isotopic heterogeneities within alkali 
feldspars: implications for the determination of lead isotopic compositions. 
Geochimica et Cosmochimica Acta 55, 2309–2316.  
Hren, M. T., Pagani, M., Erwin, D. M. and Brandon, M. (2010) Biomarker reconstruction 
of the early Eocene paleotopography and paleoclimate of the northern Sierra 
Nevada. Geology 38, 7–10. 
  240 
Huber, N. K. (1981) Amount and timing of late Cenozoic uplift and tilt of the central 
Sierra Nevada, California; evidence from the upper San Joaquin River basin. 
Professional Paper. 
Huntington, K. W., A. E. Blythe, and K. V. Hodges (2006) Climate change and Late 
Pliocene acceleration of erosion in the Himalaya, Earth and Planetary Science 
Letters 252(1-2), 107–118. 
Huntington, K. W., and Hodges, K. V. (2006) A comparative study of detrital mineral 
and bedrock age-elevation methods for estimating erosion rates. Journal of 
Geophysical Research 111, F03011. 
Jones, C. H., Farmer, G. L. and Unruh, J. (2005) Tectonics of Pliocene removal of 
lithosphere of the Sierra Nevada, California. Geological Society of America 
Bulletin 116, 1408–1422.  
Kelley, S. (2002) Excess argon in K-Ar and Ar-Ar geochronology. Chemical Geology 
188, 1–22. 
Ketcham, R. A., Gautheron, C., and Tassan-Got, L. (2011) Accounting for long alpha-
particle stopping distances in (U-Th-Sm)/He geochronology: Refinement of the 
baseline case. Geochimica et Cosmochimica Acta 75, 7779–7791. 
Ketcham, R. A., Guenthner, W. R., & Reiners, P. W. (2013) Geometric analysis of 
radiation damage connectivity in zircon, and its implications for helium 
diffusion. American Mineralogist 98(2-3), 350–360. 
Kirstein, L. A., Carter, A., and Chen, Y. G. (2010) Testing inferences from 
palaeocurrents: application of zircon double-dating to Miocene sediments from 
the Hengchun Peninsula, Taiwan. Terra Nova 22, 483–493. 
Kistler, R.W., and Peterman, Z.E. (1978) Reconstruction of crustal blocks of California 
on the basis of initial strontium isotopic compositions of Mesozoic granite rocks. 
Geologic Survey Professional Paper 1071. 
Klepeis, K. A., Crawford, M. L., and Gehrels, G. (1998) Structural history of the crustal-
scale Coast shear zone north of Portland Canal, southeast Alaska and British 
Columbia. Journal of Structural Geology 20, 883–904. 
Kosler, J. (2012) U-Pb geochronology and Hf-isotope geochemistry of detrtital zircon in 
sedimentary systems, in Laser Ablation ICP-MS in the Earth Sciences: Current 
Practices and Outstanding Issues, Editor Sylvester, P., Mineralogical Association 
of Canada, Short Course Series 40: Quebec, Canada, 815-202.  
Kowalewski, M. and Rimstidt, J.D. (2003) Average lifetime and age spectra of detrital 
grains: Toward a unifying theory of sedimentary particles. Journal of Geology 
111, 427–439.  
  241 
Kylander-Clark, A. R., Coleman, D. S., Glazner, A. F., & Bartley, J. M. (2005) Evidence 
for 65 km of dextral slip across Owens Valley, California, since 83 Ma. 
Geological Society of America Bulletin 117(7–8), 962–968. 
Lancaster, J. T. (2012) Effects of postfire debris flows on California highway 395 - 
geologic factors and assessment tools. Highway Geology Symposium, Record 
URL: http://www.highwaygeologysymposium.org/wp-content/uploads/63_HGS-
OPT.pdf 
Lang, K. A., T. A. Ehlers, P. J. J. Kamp, and U. Ring (2018) Sediment storage in the 
Southern Alps of New Zealand: New observations from tracer thermochronology, 
Earth and Planetary Science Letters 493, 140–149. 
Le Conte, J. (1886) ART. XVIII. A Post-Tertiary Elevation of the Sierra Nevada shown 
by the River beds. American Journal of Science 32(189), 167. 
Lease, R.O., Haeussler, P.J. and O'Sullivan, P. (2016) Changing exhumation patterns 
during Cenozoic growth and glaciation of the Alaska Range: Insights from detrital 
thermochronology and geochronology. Tectonics 35, 934–955.  
Lechler, A. R. and Niemi, N. A. (2011) Sedimentologic and isotopic constraints on the 
Paleogene paleogeography and paleotopography of the southern Sierra Nevada, 
California. Geology 39, 379–382.  
LeConte, J. (1886) ART. XVIII.--A Post-Tertiary Elevation of the Sierra Nevada shown 
by the River beds. American Journal of Science 32(189), 167. 
Lee, J., Stockli, D. F., Owen, L. A., Finkel, R. C. and Kislitsyn, R. (2009) Exhumation of 
the Inyo Mountains, California: Implications for the timing of extension along the 
western boundary of the Basin and Range Province and distribution of dextral 
fault slip rates across the eastern California shear zone. Tectonics 28(1).  
Levandowski, W., Jones, C. H., Reeg, H., Frassetto, A., Gilbert, H., Zandt, G. and 
Owens, T. J. (2013) Seismological estimates of means of isostatic support of the 
Sierra Nevada. Geosphere 9, 1552–1561.  
Levina, M., Horton, B.K., Fuentes, F. and Stockli, D.F. (2014) Cenozoic sedimentation 
and exhumation of the foreland basin system preserved in the Precordillera thrust 
belt (31-32 degrees S), southern central Andes, Argentina. Tectonics 33, 1659–
1680.  
Lindgren, W., & Knowlton, F. H. (1911). The tertiary gravels of the Sierra Nevada of 
California (Vol. 73). US Government Printing Office. 
Lipman, P. W., Steven, T. A., and Mehnert, H. H. (1970) Volcanic history of the San 
Juan Mountains, Colorado, as indicated by potassium-argon dating. Geological 
Society of America Bulletin 81, 2329–2351. 
  242 
Lipman, P. W. (1975) Evolution of the Platoro Caldera Complex and Related Volcanic 
Rocks, Southeastern San Juan Mountains, Colorado. U.S Geological Survey 
Professional Paper 852, 9-69. 
Lonergan, L. and Johnson, C. (1998) Reconstructing orogenic exhumation histories using 
synorogenic detrital zircons and apatites: an example from the Beltic Cordillera, 
SE Spain. Basin Research 10, 353-364.  
Ludwig, K.R. (1991) Isoplot; a plotting and regression program for radiogenic-isotope 
data; version 2.53. U.S. Geological Survey Open File Report 91-0445, 39p.  
Ludwig, K.R. (1998) On the treatment of concordant uranium-lead ages. Geochimica et 
Cosmochimica Acta 62, 665–676.  
Ludwig, K. R. (2003) Mathematical-statistical treatment of data and errors for 230Th/U 
geochronology. Reviews in Mineralogy and Geochemisty 52, 631–656. 
Maheo, G., Saleeby, J., Saleeby, Z. and Farley, K. A. (2009) Tectonic control on southern 
Sierra Nevada topography, California. Tectonics 28, 6. 
Malusà, M. G., Resentini, A. and Garzanti, E. (2016) Hydraulic sorting and mineral 
fertility bias in detrital geochronology. Gondwana Research 31, 1–19.  
Malusà, M.G., Wang, J., Garzanti, E., Liu, Z.-C., Villa, I.M. and Wittmann, H. (2017) 
Trace-element and Nd-isotope systematics in detrital apatite of the Po river 
catchment: Implications for provenance discrimination and the lag-time approach 
to detrital thermochronology. Lithos 290-291, 48–59.  
Mark, C., Cogne, N. and Chew, D. (2016) Tracking exhumation and drainage divide 
migration of the Western Alps: A test of the apatite U-Pb thermochronometer as a 
detrital provenance tool. Geological Society of America Bulletin 128, 1439–1460.  
Matthews, R. A., and Burnet, J. L. (1965) Geologic map of California: Fresno sheet. 
California Division of Mines and Geology.  
Mattinson, J. M. (2005) Zircon U-Pb chemical abrasion (“CA-TIMS”) method: 
Combined annealing and multi-step partial dissolution analysis for improved 
precision and accuracy of zircon ages. Chemical Geology 220, 47–66. 
McAtamney, J., Cottle, J. and Blackford, N. (2014) U-Pb geochronology of a nested 
pluton: Mount Whitney Intrusive Suite, Sierra Nevada, California. Geological 
Society of America Abstracts with Programs 46, Abstract: 180–7. 
McDowell, F. W., McIntosh, W. C. and Farley, K. A. (2005) A precise 40Ar–39Ar 
reference age for the Durango apatite (U–Th)/He and fission-track dating 
standard. Chemical Geology 214, 249–263.  
  243 
McPhillips, D. and Brandon, M. T. (2010) Using tracer thermochronology to measure 
modern relief change in the Sierra Nevada, California. Earth and Planetary 
Science Letters 296, 373–383.  
McPhillips, D. and Brandon, M. T. (2012) Topographic evolution of the Sierra Nevada 
measured directly by inversion of low-temperature thermochronology. American 
Journal of Science 312, 90–116. 
Mercer, C. M. and Hodges, K. V. (2016) ArAR — A software tool to promote the robust 
comparison of K-Ar and 40Ar/39Ar dates published using different decay, isotopic, 
and monitor-age parameters. Chemical Geology 440, 148–163. 
Min K., Reiners P. W., Wolff J. A., Mundil R. and Winters R. L. (2006) (U–Th)/He 
dating of volcanic phenocrysts with high U–Th inclusions, Jemez Volcanic Field, 
New Mexico. Chemical Geology 227, 223–235. 
Monteleone, B. D., van Soest, M. C., Hodges, K. V., Moore, G. M., Boyce, J. W., 
Hervig, R. L. (2009). Assessment of Alternative [U] and [Th] Zircon Standards 
for SIMS.  Paper presented at American Geophysical Union Fall Meeting, San 
Francisco, CA, USA.  
Mulch, A., Graham, S. A., & Chamberlain, C. P. (2006). Hydrogen isotopes in Eocene 
river gravels and paleoelevation of the Sierra Nevada. Science 313(5783), 87–89. 
Mulch, A., Sarna-Wojcicki, A. M., Perkins, M. E. and Chamberlain, C. P. (2008) A 
Miocene to Pleistocene climate and elevation record of the Sierra Nevada 
(California). Proceedings of the National Academy of Sciences 105, 6819–6824.  
Nadin, E.S., and Saleeby, J.B. (2008) Disruption of regional primary structure of the 
Sierra Nevada batholith by the Kern Canyon fault system, California, in Wright, 
J.E., and Shervais, J.W., eds., Ophiolites, Arcs, and Batholiths: Geological 
Society of America Special Paper 438, 429–453.  
Nadin, E. S., Saleeby, J. and Wong, M. (2016) Thermal evolution of the Sierra Nevada 
batholith, California, and implications for strain localization. Geosphere 12(2), 
377–399. 
Najman, Y. (2006) The detrital record of orogenesis: a review of approaches and 
techniques used in the Himalyan sedimentary basins. Earth-Science Reviews 74, 
1-72.  
Nasdala, L., Irmer, G., and Wolf, D. (1995) The degree of metamictization in zircon: a 
Raman-spectroscopic study. European  Journal of Mineralogy 7, 471–478. 
Nasdala, L., Wenzel, M., Vavra, G., Irmer, G., Wenzel, T., and Kober, B. (2001) 
Metamictisation of natural zircon: accumulation versus thermal annealing of 
  244 
radioactivity-induced damage. Contributions to Mineralogy and Petrology 141, 
125–144. 
Nasdala, L., Reiners, P. W., Garver, J. I., Kennedy, A. K., Stern, R. A., Balan, E., and 
Wirth, R. (2004) Incomplete retention of radiation damage in zircon from Sri 
Lanka. American Mineralogist 89, 219–231. 
Nasdala, L., Kronz, A., Hanchar, J. M., Tichomirowa, M., Davis, D. W., and Hofmeister, 
W. (2006) Effects of natural radiation damage on back-scattered electron images 
of single crystals of minerals. American Mineralogist 91, 1739–1746. 
Neir, A.O. (1950) A redetermination of the relative abundance of the isotopes of carbon, 
nitrogen, oxygen, argon and potassium. Physics Review 77, 789–793.  
Olivetti, V., Balestrieri, M.L., Rossetti, F., Thomson, S.T., Talarico, F.M., Zattin, M. 
(2015) Evidence of a full West Antarctic Ice Sheet back to the Early Oligocene: 
insight from double dating of detrital apatites in Ross Sea Sediments. Terra Nova 
27, 238–246.  
O'Sullivan, G.J., Chew, D.M. and Samson, S.D. (2016) Detecting magma-poor orogens 
in the detrital record. Geology 44, 871–874.  
Painter, C. S., Carrapa, B., DeCelles, P. G., Gehrels, G. E., and Thomson, S. N. (2014) 
Exhumation of the North American Cordillera revealed by multi-dating of Upper 
Jurassic-Upper Cretaceous foreland basin deposits. Geological Society of America 
Bulletin 126, 1439–1464. 
Paterson, S. R. and Ducea, M. N. (2015) Arc Magmatic Tempos: Gathering the Evidence. 
Elements 11, 91–98. 
Paton, C., Woodhead, J. D., Hellstrom, J. C., Hergt, J. M., Greig, A., and Maas, R. 
(2010). Improved laser ablation U-Pb zircon geochronology through robust 
downhole fractionation correction. Geochemistry Geophysics Geosystems, 11, 
doi: 10.1029/2009gc002618. 
Paton, C., Hellstrom, J., Paul, B., Woodhead, J. and Hergt, J. (2011) Iolite: Freeware for 
the visualisation and processing of mass spectrometric data. Journal of Analytical 
Atomic Spectrometry 26, 2508–2518. 
Pearson, R.K. (2011). Exploring data in engineering, the sciences, and medicine, Oxford 
University Press.  
Pelletier, J. D. (2007) Numerical modeling of the Cenozoic geomorphic evolution of the 
southern Sierra Nevada, California. Earth and Planetary Science Letters 259, 85–
96.  
  245 
Petrus, J. A., & Kamber, B. S. (2012) VizualAge: A novel approach to laser ablation 
ICP-MS U-Pb geochronology data reduction. Geostandards and Geoanalytical 
Research 36(3), 247–270. 
Pickering, J. E., Matthews, W., Guest, B., Hamilton, B., and Skyes, C. (2015) In-situ 
apatite laser ablation U–Th–Sm/He dating, methods and challenges. AGU Fall 
meeting, Abstract V33D-3151.  
Poage, M. A. and Chamberlain, C. P. (2002) Stable isotopic evidence for a Pre-Middle 
Miocene rain shadow in the western Basin and Range: Implications for the 
paleotopography of the Sierra Nevada. Tectonics 21(4), 16-1. 
Pullen, A., Ibanez-Mejia, M., Gehrels, G. E., Ibanez-Mejia, J. C., and Pecha, M. (2014) 
What happens when n=1000? Creating large-n geochronological datasets with 
LA-ICP-MS for geologic investigations. Journal of Analytical Atomic 
Spectrometry 29, 971–980. 
Qiu, N.S., Chang, J., Li, J.W., Li, W.Z., Yun, L. and Li, H.L. (2012) New evidence on 
the Neogene uplift of South Tianshan: constraints from the (U-Th)/He and AFT 
ages of borehole samples of the Tarim basin and implications for hydrocarbon 
generation. International Journal of Earth Sciences 101, 1625–1643.  
Rahl, J. M., Reiners, P. W., Campbell, I. H., Nicolescu, S., and Allen, C. M. (2003) 
Combined single-grain (U-Th)/He and U/Pb dating of detrital zircons from the 
Navajo Sandstone, Utah. Geology 31, 761–764. 
Reiners, P. W. and Farley, K. A. (1999). Helium diffusion and (U-Th)/He 
thermochronometry of titanite. Geochimica et Cosmochimica Acta, 63, 3845-
3859. 
Reiners, P. W., Zhou, Z., Ehlers, T. A., Xu, C., Brandon, M. T., Donelick, R. A., & 
Nicolescu, S. (2003). Post-orogenic evolution of the Dabie Shan, eastern China, 
from (U-Th)/He and fission-track thermochronology. American Journal of 
Science 303(6), 489–518. 
Reiners, P. W., Spell, T. L., Nicolescu, S., & Zanetti, K. A. (2004) Zircon (U-Th)/He 
thermochronometry: He diffusion and comparisons with 40Ar/39Ar dating. 
Geochimica et Cosmochimica Acta 68(8), 1857–1887. 
Reiners, P. W., Campbell, I. H., Nicolescu, S., Allen, C. M., Hourigan, J. K., Garver, J. I., 
Mattinson, J. M., and Cowan, D. S. (2005) (U-Th)/(He-Pb) double dating of 
detrital zircons. American Journal of Science 305, 259–311. 
Reiners, P. W., and Brandon, M. T. (2006) Using thermochronology to understand 
orogenic erosion. Annual Review of Earth and Planetary Sciences 34, 419-466. 
  246 
Reiners, P.W. and Nicolescu, S. (2006) Measurement of parent nuclides for (U-Th)/He 
chronometry by solution sector ICP-MS, ARHDL Report 1 
http://www.geo.arizona.edu/~reiners/arhdl/arhdl.htm. 
Reiners, P.W., Thomson, S.N., McPhillips, D., Donelick, R.A. and Roering, J.J. (2007) 
Wildfire thermochronology and the fate and transport of apatite in hillslope and 
fluvial environments. Journal of Geophysical Research: Earth Surface 112, 
F04001.  
Reiners, P. W., Carlson, R. W., Renne, P. R., Cooper, K. M., Granger, D. E., McLean, N. 
M., and Schoene, B. (2018) Geochronology and Thermochronology, Hoboken, 
NJ, John Wiley & Sons, 464.  
Renne, P. R., Swisher, C. C., Deino, A. L., Karner, D. B., Owens, T., and DePaolo, D. J. 
(1998) Intercalibration of standards, absolute ages and uncertainties in 40Ar/39Ar 
dating. Chemical Geology 145, 117–152. 
Renne, P. R., Deino, A. L., Hames, W. E., Heizler, M. T., Hemming, S. R., Hodges, K. 
V., Koppers, A. A. P., Mark, D. F., Morgan, L. E., Phillips, D., Singer, B. S., 
Turrin, B. D., Villa, I. M., Villeneuve, M. and Wijbrans, J. R. (2009) Data 
reporting norms for 40Ar/39Ar geochronology. Quaternary Geochronology 4, 346–
352. 
Renne, P. R., Balco, G., Ludwig, K. R., Mundil, R. and Min, K. (2011) Response to the 
comment by W.H. Schwarz et al. on “Joint determination of 40K decay constants 
and 40Ar∗/40K for the Fish Canyon sanidine standard, and improved accuracy for 
40Ar/39Ar geochronology” by P.R. Renne et al. (2010) Geochimica et 
Cosmochimica Acta 75, 5097–5100. 
Riebe, C. S., Sklar, L. S., Lukens, C. E. and Shuster, D. L. (2015) Climate and 
topography control the size and flux of sediment produced on steep mountain 
slopes. Proceedings of the National Academy of Sciences 112(51), 15574–15579. 
Rivera, T.A., Storey, M., Zeeden, C., Hilgen, F.J., Kuiper, K. (2011) A refined 
astronomically calibrated 40Ar/39Ar age for Fish Canyon sanidine. Earth and 
Planetary Science Letters 311, 420–426.  
Roddick, J.C., Cliff, R.A. and Rex, D.C. (1980) The evolution of excess argon in Alpine 
biotites – A 40Ar-39Ar analysis. Earth And Planetary Science Letters 48, 185–208. 
Ross, D. C. (1990) Reconnaissance geologic map of the southern Sierra Nevada, Kern, 
Tulare, and Inyo counties, California. Department of the Interior, U.S. Geological 
Survey, Open-File Report 90-337.  
Ruhl, K. W. and Hodges, K. V. (2005) The use of detrital mineral cooling ages to 
evaluate steady state assumptions in active orogens: An example from the central 
Nepalese Himalaya. Tectonics 24(4). 
  247 
Saleeby, J. B., Kistler, R. W., Longiaru, S., Moore, J. G., Nokleberg, W. J., & Anderson, 
J. L. (1990) Middle Cretaceous silicic metavolcanic rocks in the Kings Canyon 
area, central Sierra Nevada, California. The nature and origin of Cordilleran 
magmatism: Geological Society of America Memoir 174, 251–270. 
Saleeby, J. B. (1999) On some aspects of the geology of the Sierra Nevada, in Moores, E. 
M., Sloan, D., and Stout, D. L., eds., Classic Cordilleran Concepts: A View from 
California, Geological Society of America Special Paper 338, 173-184. 
Saleeby, J., Ducea, M. and Clemens-Knott, D. (2003) Production and loss of high-density 
batholithic root, southern Sierra Nevada, California. Tectonics 22(6).  
Saylor, J. E., Stockli, D. F., Horton, B. K., Nie, J. S., and Mora, A. (2012) Discriminating 
rapid exhumation from syndepositional volcanism using detrital zircon double 
dating: Implications for the tectonic history of the Eastern Cordillera, Colombia. 
Geological Society of America Bulletin 124, 762–779. 
Schmitz, M. D. and Bowring, S. A. (2001) U-Pb zircon and titanite systematics of the 
Fish Canyon Tuff: an assessment of high-precision U-Pb geochronology and its 
application to young volcanic rocks. Geochimica et Cosmochimica Acta 65, 
2571–2587. 
Shan J., Min K. and Nouiri A. (2013) Thermal effects of scanning electron microscopy 
on He diffusion in apatite: Implications for (U–Th)/He dating. Chemical Geology 
345, 113–118. 
Shuster, D. L., Flowers, R. M., and Farley, K. A. (2006) The influence of natural 
radiation damage on helium diffusion kinetics in apatite. Earth and Planetary 
Science Letters 249, 148–161. 
Sláma, J., Košler, J., Condon, D. J., Crowley, J. L., Gerdes, A., Hanchar, J. M., 
Horstwood, M. S. A., Morris, G. A., Nasdala, L., Norberg, N., Schaltegger, U., 
Schoene, B., Tubrett, M. N., and Whitehouse, M. J. (2008) Plešovice zircon - A 
new natural reference material for U-Pb and Hf isotopic microanalysis. Chemical 
Geology 249, 1–35. 
Small, E. E. and Anderson, R. S. (1995) Geomorphically driven late Cenozoic rock uplift 
in the Sierra Nevada, California. Science 270(5234), 277–281. 
Sousa, F. J., Farley, K. A., Saleeby, J. and Clark, M. (2016) Eocene activity on the 
Western Sierra Fault System and its role incising Kings Canyon, California. Earth 
and Planetary Science Letters 439, 29–38.  
Sousa, F. J., Saleeby, J., Farley, K. A., Unruh, J. R. and Lloyd, M. K. (2017) The 
southern Sierra Nevada pediment, central California. Geosphere 13, 82–101. 
  248 
Spiegel, C., Kohn, B., Belton, D., Berner, Z., Gleadow, A. (2009) Apatite (U-Th-Sm)/He 
thermochronology of rapidly cooled samples: the effect of He implantation. Earth 
and Planetary Science Letters 285, 105–114.  
Stacey, J.S. and Kramers, J.D. (1975) Approximation of terrestrial isotope evolution by a 
two-stage model. Earth and Planetary Science Letters 26, 207–221.  
Stern, C. R., & Wyllie, P. J. (1981) Phase relationships of I‐type granite with H2O to 35 
kilobars: The Dinkey Lakes biotite‐granite from the Sierra Nevada Batholith. 
Journal of Geophysical Research: Solid Earth 86(B11), 10412–10422. 
Stewart, R. J., B. Hallet, P. K. Zeitler, M. A. Malloy, C. M. Allen, and D. Trippett (2008) 
Brahmaputra sediment flux dominated by highly localized rapid erosion from the 
easternmost Himalaya, Geology 36(9), 711–714. 
Stock, J. D. and Montgomery, D. R. (1996) Estimating palaeorelief from detrital mineral 
age ranges. Basin Research 8(3), 317-327. 
Stock, G. M., Anderson, R. S. and Finkel, R. C. (2004) Pace of landscape evolution in the 
Sierra Nevada, California, revealed by cosmogenic dating of cave sediments. 
Geology 32, 193–4. 
Stock, G. M., Anderson, R. S. and Finkel, R. C. (2005) Rates of erosion and topographic 
evolution of the Sierra Nevada, California, inferred from cosmogenic 26Al and 
10Be concentrations. Earth Surface Processes Landforms 30, 985–1006.  
Stock G. M., Ehlers T. A. and Farley K. A. (2006) Where does sediment come from? 
Quantifying catchment erosion with detrital apatite (U-Th)/He 
thermochronometry. Geology 34, 725–728. 
Stockli, D. F., Dumitru, T. A., McWilliams, M. O. and Farley, K. A. (2003) Cenozoic 
tectonic evolution of the White Mountains, California and Nevada. Geological 
Society of America Bulletin 115, 788–816.  
Stone, P., Dunne, G. C., Moore, J. G., and Smith, G. I. (2000) Geologic map of the Lone 
Pine 15’ quadrangle, Inyo county, California. United States Geologic Survey.  
Sweetkind, D.S., and Duncan, I.J. (1989) Fission-track evidence for cenozoic uplift of the 
Nelson batholith, southeastern British Columbia. Canadian Journal of Earth 
Science 26, 1944–1952.  
Tang, D. L. K., Seward, D., Wilson, C. J. N., Sewell, R. J., Carter, A., and Paul, B. T. 
(2014) Thermotectonic history of SE China since the Late Mesozoic: insights 
from detailed thermochronological studies of Hong Kong. Jounral of the 
Geological Society 171, 591–604. 
  249 
Thiede, R. C., Bookhagen, B., Arrowsmith, J. R., Sobel, E. R. and Strecker, M. R. (2004) 
Climatic control on rapid exhumation along the Southern Himalayan Front. Earth 
and Planetary Science Letters 222, 791–806. 
Thiede, R. C. and Ehlers, T. A. (2013) Large spatial and temporal variations in 
Himalayan denudation. Earth and Planetary Science Letters 371, 278-293. 
Thomson, S. N., Brandon, M. T., Tomkin, J. H., Reiners, P. W., Vásquez, C. and Wilson, 
N. J. (2010) Glaciation as a destructive and constructive control on mountain 
building. Nature 467, 313–317.  
Thomson, S. N., Gehrels G. E., Ruiz J. and Buchwaldt R. (2012) Routine low-damage 
apatite U-Pb dating using laser ablation-multicollector-ICPMS. Geochemistry 
Geophysics Geosystems 13(2). 
Thomson, S. N., Reiners, P. W., Hemming, S. R. and Gehrels, G. E. (2013) The 
contribution of glacial erosion to shaping the hidden landscape of East Antarctica. 
Nature Geoscience 6, 203–207.  
Tochilin, C.J., Reiners, P.W., Thomson, S.N., Gehrels, G.E., Hemming, S.R. and Pierce, 
E.L. (2012) Erosional history of the Prydz Bay sector of East Antarctica from 
detrital apatite and zircon geo- and thermochronology multidating. Geochemistry 
Geophysics Geosystems 13, 11. 
Tranel, L. M., Spotila, J. A., Kowalewski, M. J. and Waller, C. M. (2011) Spatial 
variation of erosion in a small, glaciated basin in the Teton Range, Wyoming, 
based on detrital apatite (U-Th)/He thermochronology. Basin Research 23, 571–
590.  
Tripathy-Lang, A., Hodges, K. V., Monteleone, B. D. and Van Soest, M. C. (2013) Laser 
(U-Th)/He thermochronology of detrital zircons as a tool for studying surface 
processes in modern catchments. Journal of Geophysical Research: Earth Surface 
118(3), 1333-1341. 
Unruh, J. R. (1991) The uplift of the Sierra Nevada and implications for late Cenozoic 
epeirogeny in the western Cordillera. Geological Society of America Bulletin 103, 
1395–1404.   
Valla, P. G., Herman, F., van der Beek ,P. A. and Braun, J. (2010) Inversion of 
thermochronological age-elevation profiles to extract independent estimates of 
denudation and relief history — I: Theory and conceptual model. Earth and 
Planetary Science Letters 295, 511–522.  
Valla, P. G., Shuster, D. L. and van der Beek, P. A. (2011) Significant increase in relief 
of the European Alps during mid-Pleistocene glaciations. Nature Geoscience 4, 
1–5.  
  250 
van der Beek, P. A., Valla, P. G., Herman, F., Braun, J., Persano, C., Dobson, K. J. and 
Labrin, E. (2010) Inversion of thermochronological age–elevation profiles to 
extract independent estimates of denudation and relief history — II: Application 
to the French Western Alps. Earth and Planetary Science Letters 296, 9–22.  
van Soest, M. C., Hodges, K. V., Wartho, J.-A., Biren, M. B., Monteleone, B. D., 
Ramezani, J., Spray, J. G., and Thompson, L. M. (2011a). (U-Th)/He dating of 
terrestrial impact structures: The Manicouagan example. Geochemistry 
Geophysics Geosystems, 12, doi: 10.1029/2010gc003465. 
van Soest, M. C., Monteleone, B. D., Hodges, K. V. and Boyce, J. W. (2011) Laser depth 
profiling studies of helium diffusion in Durango fluorapatite. Geochimica et 
Cosmochimica Acta 75, 2409–2419.  
Vermeesch, P. (2004) How many grains are needed for a provenance study? Earth and 
Planetary Science Letters 224, 441–451. 
Vermeesch, P. (2007) Quantitative geomorphology of the White Mountains (California) 
using detrital apatite fission track thermochronology. Journal of Geophysical 
Research 112, F03004.  
Vermeesch, P. (2012) On the visualisation of detrital age distributions. Chemical Geology 
312, 190–194. 
Vermeesch P., Sherlock S. C., Roberts N. M. W. and Carter A. (2012) A simple method 
for in-situ U–Th–He dating. Geochimica et Cosmochimica Acta 79, 140–147. 
Vermeesch, P. and Tian, Y. (2014) Thermal history modelling: HeFTy vs. QTQt. Earth-
Science Reviews 139, 279–290. 
Vermeesch, P. (2018) Dissimilarity measures in detrital geochronology. Earth-Science 
Reviews 178, 310–321.  
von Eynatten, H., and Gaupp, R. (1999) Provenance of Cretaceous synorogenic 
sandstones in the Eastern Alps: constraints from framework petrography, heavy 
mineral analysis and mineral chemistry. Sedimentary Geology 124(1-4), 81-111. 
von Eynatten, H., Schlunegger, F., Gaupp, R. and Wijbrans, J. R. (1999) Exhumation of 
the Central Alps: evidence from 40Ar/39Ar laserprobe dating of detrital white 
micas from the Swiss Molasse Basin. Terra Nova 11, 284–289.  
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1. Conventional (U-Th)/He Analytical Methods 
Single, well-formed crystals of titanite and zircon were hand-picked from heavy 
mineral separates prepared from Fish Canyon ignimbrite samples provided by Edmund 
Stump of Arizona State University. In doing so, we were careful to avoid visible 
inclusions. The geometries of all selected zircon grains were measured for alpha ejection 
correction using the equations of Hourigan et al. (2005), and – not having zoning 
information for individual crystals – we assumed uniform U and Th concentrations. Fish 
Canyon titanites are considerably larger than zircons, so we elected to use air abrasion to 
remove the outer 20 μm or so of crystal rims rather than apply an alpha ejection 
correction. After measurement or abrasion, each crystal was loaded into a Nb tube for 
helium measurements using an ASI Alphachron analytical system. The Alphachron 
system used employs a 980 nm (IR) diode laser for gas extraction. Evolved gasses were 
spiked with 3He and gettered prior to isotope dilution analysis. Samples were then 
removed from the laser chamber and, still in their Nb tubes, dissolved in concentrated 
HF, HNO3, and HCl using Parr digestion vessels. Prior to 2012, these solutions were 
spiked with 230Th and 235U to enable isotope dilution analysis of U and Th by solution 
ICPMS using a Thermo Electron X-series instrument in the W.M. Keck Foundation 
Laboratory for Environmental Biochemistry at Arizona State University. In 2012, we 
began to include 149Sm spike to the solutions for titanite to enable Sm measurements for 
that mineral. In 2013, we began to analyze parent elements by solution ICPMS using the 
iCAP Q instrument. We see no substantive and systematic variations in results after either 
of those improvements and have simply grouped all of our 2006-2014 data together in 
calculating mean apparent ages. Additional details regarding our conventional (U-Th)/He 
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procedures may be found in van Soest et al. (2011a). Except where explicitly noted 
otherwise, we quote conventional dates with 2σ uncertainties based on propagated 
analytical uncertainties only; we assume no uncertainty in the alpha ejection corrections. 
2. LADD Techniques 
For the sake of establishing a generally useful reference for the LADD method as 
practiced in the Group 18 Laboratories, we describe here our protocols for laser ablation 
double dating of detrital zircon and titanite. 
2.1 Sample Preparation and Characterization 
Minimum grain sizes for ‘laser ablation double dating’ (LADD) depend on the 
grain’s parent element content and thermal history; for example, we find that most 
detrital zircons about 100 μm or larger are amenable to LADD analysis if they yield 
Pliocene or older (U-Th)/He dates. Because parent element concentrations are typically 
lower in titanites, acceptable analytical precision usually requires slightly larger (~ 125 
μm) minimum grain sizes. A large number of crystals are selected non-preferentially for 
mounting and pre-analytical characterization. A circular ‘puck’ of Torr Seal, a low vapor-
pressure epoxy manufactured by Varian Vacuum Technologies, is used for mounting 
because this material is largely inert in high-vacuum systems and easily machined. The 
puck surface where the crystals are embedded is then polished to remove the outer 20-30 
μm rims of each crystal to eliminate the need for alpha ejection corrections. A scanning 
electron microscope or electron microprobe is then used to make moderately high-
resolution cathodoluminescence (CL) and backscatter electron (BSE) images of all 
crystals in the puck. After imaging, the puck surface is re-polished to remove the carbon 
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coat applied prior to imaging as well as the upper few microns beneath the original 
polished surface where sample-electron interactions during CL and BSE mapping might 
have induced some degree of 4He loss (Flude et al., 2013). 
The images permit us to target a specific location within each crystal. For 
Cenozoic zircons, we typically use a circular laser footprint with a diameter of 25 μm for 
the ‘laser ablation, gas-source mass spectrometry’ (LA-GMS) analyses, and a larger 
(typically 65 μm), concentric footprint for the ‘laser ablation, inductively coupled 
plasma-source mass spectrometry’ (LA-ICPMS) analyses. For Cenozoic titanites, we 
typically use 65 μm and 110 μm footprints, respectively. In reducing the bulk group of 
crystals to those that will be analyzed, we look for those at least slightly larger than the 
footprint we will use for LA-ICPMS analysis, and regions within them where the 
footprint can be targeted at least 20 μm away from any inclusions. Unfortunately, given 
requirements of adequate spot size and distance away from crystal boundaries, this means 
that most detrital grains are not large enough for multiple LADD analyses to be carried 
out on individual crystals. While we study the zoning patterns revealed by the CL or BSE 
images to aid in the interpretation of LADD data, we do not use complex zoning as a 
reason to reject a crystal for analysis so as to minimize analytical bias; our goal is select a 
sub-population for analysis that is proportionately representative of the range of crystal 
habits and zoning characteristics for the entire suite of zircons in the sample. We feel that 
these procedures substantially reduce sampling biases inherent in conventional (U-
Th)/He analyses that require the pre-selection of well-formed and inclusion-free grains 
(cf., Tripathy-Lang et al., 2013). However, one potential source of bias that is not avoided 
is the need for sufficiently large crystals for analysis, and it is possible that that some 
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subpopulations in a detrital sample may be under-sampled if they are represented only by 
very small crystals. The same is, of course, true for conventional LADD work, in which 
very small crystals may be too small to yield sufficient 4He for analysis or to permit 
robust alpha ejection corrections. 
Once a candidate crystal is identified, concentric circles representative of the LA-
ICPMS and LA-GMS footprints for each crystal are superimposed on the CL or BSE 
images to enable laser targeting, and the sample is then loaded into the vacuum chamber 
for LA-GMS analysis. 
2.2 Laser Ablation Helium Analysis 
We conduct all LADD analyses using a Photon Machines (now Teledyne 
CETAC) Analyte G2 instrument package for laser ablation. This package is built around 
an Atlex 300 ArF excimer laser, which produces energy in the ultraviolet part of the 
electromagnetic spectrum at 193 nm wavelength. The excellent coupling of 193 nm 
energy with accessory minerals of interest, as well as the ultra-short (< 4 ns) pulse 
duration of this particular laser, nearly eliminates collateral heating of sample in the 
region around the laser footprint and effectively ensures that only the volume from which 
material is removed by ablation contributes to the signals measured in our mass 
spectrometers (cf., Van Soest et al., 2011b). The laser optics, stage control subsystem, 
and controlling software provided by Photon Machines permit the overlay of BSE or CL 
images of the sample puck to stage coordinates for precise targeting. The actual 
operational protocols for the laser during an ablation experiment vary depending on laser 
operating conditions, sample characteristics, and expected age, but we typically adjust the 
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laser energy and number of laser pulses so that ablation pits are as deep as roughly the 
radius of the laser footprint. 
Unlike more familiar LA-ICPMS experiments, a LA-GMS experiment is 
conducted in vacuuo, and the liberated gasses are purified in an extraction subsystem by 
passing them over reactive getters before isotopic analysis. In the Group 18 Laboratories, 
we can use either of two mass spectrometry subsystems for gas analysis. For the Fish 
Canyon tuff, proof-of-concept study reported in the manuscript, we used a modified 
version of the extraction subsystem supplied as part of our ASI Alphachron analytical 
system and a Pfeiffer-Balzers Prisma quadrupole mass spectrometer for helium isotopic 
analysis. However, we prefer to use our Thermo Scientific Helix SFT (split flight tube) 
magnetic sector mass spectrometer for helium analysis when working on projects that 
require the higher precision it is capable of for 4He analyses. During the gettering 
process, sample gasses are mixed with a 3He spike for isotope dilution analysis when the 
Alphachron system is used. When the Helix SFT system is used, we do not spike but 
instead rely on the sensitivity of the Helix SFT to establish 4He abundances; we routinely 
monitor that sensitivity using Durango fluorapatite as a standard. Additional details 
regarding laser ablation 4He measurements using the Helix SFT system may be found in 
Tripathy-Lang et al. (2013). 
2.3 Ablation Pit Measurements  
After laser extraction and measurement of 4He for all crystals, the puck is 
removed from the vacuum system and the internal volumes of the 4He ablation pits are 
measured using an ADE PhaseShift MicroXAM interferometric microscope for 
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determining 4He concentrations. A scan of each pit with this microscope yields a high-
resolution digital elevation model of a pit and its immediate surroundings. These data are 
processed through an in-house Matlab script to obtain a best-fit volume. In order to 
mitigate poor imaging of the vertical pit walls as well as inconsistencies around the top 
surface of the pit, the script implements a least-squares approach to determine the 
ellipsoidal footprint of the ablated pit at half its depth. A Newton-Cotes rectangular 
integration is then performed to calculate volume from the center of the ellipsoid to the 
edge of the pit, which is identified by a peak in the curvature of the volume. The 
dispersion of the results, due primarily to the reproducibility of the interferometric 
microscope scans, is typically on the order of 0.5% of the average of the volume 
estimates, but we assign a nominal 1% uncertainty to the pit measurements for 
calculating age uncertainties. A second ablation pit – used for determining parent element 
concentrations from abundance data (as described below) – is measured in the same 
fashion, and the volume of material yielding U, Th, and Sm abundances is determined by 
difference from the 4He ablation volume. 
2.4 U, Th, Sm, and Pb Analysis  
After measuring the ablation pits, the sample puck and a second puck containing 
standard materials are mounted in a Photon Machines (Teledyne CETAC) HelEx Active, 
two-volume ablation cell for U, Th, Sm, and Pb analysis by LA-ICPMS. We employ the 
same Analyte G2 laser system for this process as was used for the LA-GMS process, but 
a Thermo Scientific iCAP Q quadrupole mass spectrometer is used for isotopic 
measurements. For each crystal, we ablate a new pit centered on the existing 4He ablation 
footprint but with a diameter ~ 40-45 μm larger. Although the laser energy used for this 
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second ablation experiment is the same as that for the 4He ablation experiment, we 
increase the number of laser pulses so as to produce an ablation pit ≥ 20 μm deeper than 
the first ablation pit (see Figure 2.2). Because the nominal alpha recoil distances for 4He 
produced by U, Th, and Sm in the minerals of interest here (titanite and zircon) range 
from ~ 16-20 μm (Ketcham et al., 2011), this procedure ensures that the parent element 
analyses average over any compositional zoning in the domain of zircon in the sample 
puck that may have contributed 4He to the first ablation pit. Although this way of 
accounting for intracrystalline alpha redistribution is admittedly imperfect – for example, 
it does not account for alpha redistribution from domains of the crystal that were ground 
and polished away during mounting and post-imaging re-polishing – it is consistent with 
approaches advocated in the literature by others (e.g., Farley et al., 2011).  
During the second ablation experiment, material is transported to the plasma 
source of the iCAP Q instrument for analysis. Helium is introduced into the HelEx Active 
chamber through two avenues: at 0.2 L/s into the overall chamber, and at 0.4 L/s into the 
sample cup. These gasses along with the ablated material are mixed with Ar carrier gas 
flowing into the ICPMS plasma at a rate of 0.97 L/s. For most analyses, we use a plasma 
RF power of 1400 W. In general, our analytical procedures for U/Pb dating follow those 
described by Chew and colleagues (2014). Throughout the ablation experiments for both 
zircon and titanite, we continuously collect 200Hg, 202Hg, 204Pb, 206Pb, 207Pb, 208Pb, 232Th, 
235U, and 238U data. We collect 147Sm only for titanite because zircon is so U+Th rich that 
the amount of 4He contributed by samarium decay is essentially inconsequential. We 
measure mercury isotopes for both minerals because small amounts of 204Hg 
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contamination in the carrier gasses will interfere with accurate measurements of the 204Pb 
used for common Pb corrections (see below).   
Because the LADD technique requires knowledge of both isotopic ratios and 
concentrations, we must employ concentration standards as well as isotope-ratio 
standards as part of the procedure. A relatively large number of isotope-ratio standards 
are commonly used for LA-ICPMS U/Pb dating of zircon and titanite. Our principal 
isotope-ratio standards are Plešovice for zircon (Sláma et al., 2008; 337.13 ± 0.37 Ma) 
and BLR-1 for titanite (Aleinikoff et al., 2007; 1047.1 ± 0.4 Ma). We also frequently use 
94-35 as a secondary zircon standard (Klepeis et al., 1998; 55.5 ± 1.5 Ma). Unfortunately, 
reliable, matrix-matched U, Th, and Sm concentration standards are much more rare; 
most well-characterized, natural, isotope-ratio standards are significantly zoned in parent 
elements. One of our preferred composition standards for titanite is a gem-quality titanite 
from San Quintín, Mexico, characterized in the Group 18 Laboratories as an internal 
standard (SQT1). LA-ICPMS mapping of the polished section of SQT1 we currently use 
indicates that, while zoned, the section contains large domains of relatively uniform 
parent element concentrations for standardization purposes. Isotope-dilution 
measurements of a fragment of this part of the crystal by solution ICPMS yielded the 
concentration data we use for standardization: 238U = 15.42 ± 0.54 ppm; 232Th = 130.6 ± 
2.8 ppm; and 147Sm = 9.26 ± 0.72 ppm. While SQT1 is our best available titanite 
concentration standard at present, we remain concerned that subtle zoning variations in 
its U, Th, and Sm concentrations may add to the analytical uncertainty in laser ablation 
(U-Th)/He titanite dates that, because it is unquantified, cannot be rigorously propagated 
through the age equation. For most zircon work, we use ‘SynZircon’, a sintered, synthetic 
  262 
rock made from micromilled zircon powder so as to have a uniform parent element 
composition (238U = 426 ± 14 ppm; 232Th = 206 ± 19 ppm; Monteleone et al., 2009). 
2.5 Apparent Age Determinations 
U/Pb apparent age determinations based on the LA-ICPMS results are performed 
using the Iolite software package (Hellstrom et al., 2008), which runs within the 
Wavemetrics Igor Pro data analysis environment. For zircon, we use the U-Pb 
Geochronology data reduction scheme (DRS) included in Iolite (Paton et al., 2010). We 
use the VizualAge_UcomPbine DRS of Chew et al. (2014) for titanite because it provides 
more and better correction options for the common Pb often encountered in analyses of 
that mineral. For detrital datasets, we report only 206Pb/238U dates and their 2σ confidence 
limits based on analytical imprecision and uncertainties in the isotopic compositions of 
our standards. We do not routinely apply a common Pb correction to Phanerozoic zircon 
because of its low fractional common Pb; common Pb corrections would not change the 
apparent 206Pb/238U dates within the reported precision limits given our use of a 
quadrupole (as opposed to a magnetic sector) mass spectrometer for our analyses. Most 
titanite data, all common Pb corrections use the 204Pb method for determining initial Pb 
isotope composition (Williams, 1998). Measured 204Pb is corrected for minor 204Hg 
contamination by subtracting an amount calculated from measured 202Hg using the 
natural abundance ratio of 204Hg/202Hg. 
After the LA-ICPMS procedure for a particular set of detrital grains, the sample 
puck is removed from the HelEx Active chamber and the second ablation pit volume is 
measured by optical interferometry as described above. Based on replicate analyses of the 
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concentration standards SynZircon and San Quintín titanite interspersed with the 
unknown analyses, we establish current 238U, 232Th, and 147Sm sensitivities for the iCAP 
Q instrument, and use these to establish abundances for each unknown analysis. We use 
this, along with the ablation pit volume, to calculate parent element concentrations. 
Combined with the daughter concentration calculated from the earlier LA-GMS 
measurement and volume measurement of the first pit, we calculate a laser ablation (U-
Th)/He date for the grain and its 2σ confidence limits based on analytical imprecision, 
uncertainties in volume measurements for the two ablation pits, and uncertainties in 
standard compositions.  
Given the extremely sluggish diffusion of Pb in zircon at most temperatures in 
Earth’s crust (Cherniak and Watson, 2001), we interpret the laser ablation 206Pb/238U date 
for a detrital zircon as indicative of the crystallization age of the volume of zircon 
extracted the second ablation pit. Obviously, zircon overgrowths – especially those that 
might be partially sampled in the course of our analytical procedure – would complicate 
matters if not avoided during the initial targeting step, and the potential for this can be 
evaluated for each grain after the fact using the CL and/or BSE image if a crystal yields 
an unanticipated (or geologically impossible) U/Pb apparent age.  
On the other hand, the helium closure temperature for an accessory mineral core 
is different from that for the bulk crystal (Dodson, 1986). Tripathy-Lang et al. (2013), 
however, showed how this difference results in laser ablation and bulk crystal cooling 
dates that should be within the precision limits of the laser ablation technique unless the 
crystal cooled through its closure interval extremely slowly (< 5 ˚C/Ma). We thus expect 
that the conventional and laser ablation (U-Th)/He techniques should yield statistically 
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indistinguishable results for the vast majority of dated samples, and those results can be 
generally interpreted as the time of cooling of the titanite or zircon through its nominal 
bulk closure temperature: ~ 210 ± 50 ˚C for titanite (Reiners and Farley, 1999; Hodges, 
2014) and ~ 170 ± 50 ˚C for zircon (Reiners and Farley, 1999; Hodges, 2014). If desired, 
more precise estimates based on the schema of Dodson (1986) are possible, as are 
adjustments for the effects of radiation damage (Guenthner et al., 2013).
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1. Fish Canyon Tuff Apatite 
The Fish Canyon tuff is one of the largest ignimbrite deposits of La Garita caldera 
in the San Juan volcanic field of Colorado. Though other minerals from the tuff are 
commonly used as reference materials for 40Ar/39Ar and (U-Th)/He dating, apatite from 
the deposit is predominantly used as a fission track standard (e.g. Barbarand et al., 2003). 
There are two, commonly collected localities for the Fish Canyon tuff: the ‘classic’ Fish 
Canyon site, at the base of a ~600m thick ignimbrite sheet outside of South Fork, 
Colorado (Lipman, 1975), and a second site at the base of a much thinner (~40m) deposit 
farther from the center of the caldera, southeast of Del Norte, Colorado (Gleadow et al., 
2015). Previous work has shown that there is no statistically significant difference in 
zircon or titanite (U-Th)/He dates from the two sites (Gleadow et al., 2015; Horne et al., 
2016). Fish Canyon apatite data reported here were obtained from crystals separated from 
samples collected at the Del Norte locality. 
There is controversy regarding the eruptive age of the Fish Canyon tuff (Reiners 
et al., 2018). 206Pb/238U zircon dates obtained by thermal ionization mass spectrometry 
indicate an extended, pre-eruptive period of zircon crystallization (ca. 44 ka; Wotzlaw et 
al., 2013). The youngest zircon date – previously interpreted to be close to or slightly 
older than the eruptive age – is 28.196 ± 0.038 Ma (Wotzlaw et al., 2013). This date is 
statistically indistinguishable from orbitally tuned 40Ar/39Ar sanidine dates presented by 
Rivera et al. (2011), which we regard as supporting evidence for a ca. 28.2 Ma eruptive 
age. Published LA-ICPMS and LA-MC-ICPMS 206Pb/238U dates for Fish Canyon tuff 
apatite range from 20.1 ± 5.5 Ma (Thomson et al., 2012) to 29.14 ± 0.7 Ma (Chew et al., 
2014). Gleadow et al. (2015) found that conventional apatite (U-Th-Sm)/He (ApHe) 
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dates for Fish Canyon apatite varied by level within the ignimbrite section, ranging from 
20.79 ± 0.79 Ma to 29.5 ± 2.0 Ma, which the authors regarded as indicative of relatively 
slow, post-eruptive cooling of the section through the ApHe partial retention zone. Their 
conventional inverse variance-weighted mean (U-Th-Sm)/He date for apatites from the 
Del Norte locality was 28.6 ± 1.1 Ma. 
2. Methods for LADD of Fish Canyon Tuff Apatite 
Crystals of Fish Canyon apatite were separated from the rock using standard 
crushing, sieving, magnetic, and gravimetric routines before crystals apparently devoid of 
inclusions were picked using a petrographic microscope. The crystals were mounted in 
Torr Seal a low vapor-pressure epoxy manufactured by Varian Vacuum Technologies – 
and the resulting mount was polished to remove, at a minimum, the outer 22.5 µm of the 
crystal (ensured via repeat measurements using digital calipers). This process ensured 
that no (U-Th-Sm)/He data would need to be corrected for alpha ejection, in contrast to 
the standard procedure for conventional (single-crystal) (U-Th)/He analysis (Farley et al., 
1996; Hourigan et al., 2005). Smaller crystal sizes limited the pit depths and diameters 
that could be used for Fish Canyon ApHe dating, but these experiments proved especially 
useful for constraining the effects of small He abundances on apparent age uncertainties. 
For our ablation experiments with the Fish Canyon Tuff, we followed the 
procedures outlined in the main text, with the following amendments. We ablated He pits 
with two different diameters (designated d in Figure 3.1b) – 40 and 65 μm – and varied 
the number of laser pulses used for individual extractions between 100 and 200 to 
produce a range of pit depths. For LA-ICPMS measurements of U, Th, and Sm, a new pit 
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was ablated so that it had a diameter (e) 45 μm larger and a depth at least 22.5 μm deeper 
than the He pit (Figure 3.1b) — thus we used beam diameters of 85 and 100 μm and 
between 350 and 450 laser pulses. Unlike the Durango apatite laser ablation experiments 
described in the main text, our FCT apatite analytical work was focused only on 
calculating (U-Th)/He dates. This choice is driven by the young age, low U 
concentrations, and high common to radiogenic Pb ratios of the material – all of which 
make calculating accurate U/Pb dates for FCT apatite impractical at present (e.g. 
Thomson et al., 2012). 
For n = 26 Fish Canyon tuff apatite crystals, we determined ApHe dates ranging 
from 24.1 ± 2.9 to 31.6 ± 3.8 Ma (Table B.1), with laboratory imprecisions ranging from 
6.3 to 37.0% and averaging 12.1%. This dataset has a dispersion only slightly higher that 
of the Durango dataset (15.4%). Its inverse variance-weighted mean is 27.40 ± 0.52 Ma 
with an MSWD of 2.4. This value suggests moderate over-dispersion of the Fish Canyon 
ApHe dates, and we regard the weighted mean date with an appropriately magnified 
uncertainty (27.40 ± 0.81 Ma) as our best estimate of the LADD ApHe apparent age for 
Fish Canyon apatite. At the ca. 95% confidence level, this date is statistically 
indistinguishable from the conventional weighted mean (U-Th-Sm)/He date for apatite 
from the same locality reported by Gleadow et al. (2015), but our mean date suggests a 
somewhat younger ApHe cooling age than the likely ca. 28.2 Ma eruptive age of the Fish 
Canyon tuff. 
  271 
3. References 
Barbarand J., Carter A., Wood I. and Hurford T. (2003) Compositional and structural 
control of fission-track annealing in apatite. Chemical Geology 198, 107–137.  
Chew, D.M., Petrus, J.A. and Kamber, B.S. (2014), U–Pb LA–ICPMS dating using 
accessory mineral standards with variable common Pb. Chemical Geology, 363, 
185-199. 
Gleadow A., Harrison M. and Kohn B. (2015) The Fish Canyon Tuff: A new look at an 
old low-temperature thermochronology standard. Earth and Planetary Science 
Letters 424, 95–108. 
Horne A. M., van Soest M. C., Hodges K. V., Tripathy-Lang A. and Hourigan J. K. 
(2016) Integrated single crystal laser ablation U/Pb and (U–Th)/He dating of 
detrital accessory minerals: Proof-of-concept studies of titanites and zircons from 
the Fish Canyon tuff. Geochimica et Cosmochimica Acta 178, 106–123. 
Lipman, P. W. (1975) Evolution of the Platoro Caldera Complex and related volcanic 
rocks, southeastern San Juan Mountains, Colorado. U.S Geological Survey 
Professional Paper 852, 9–69. 
Reiners, P.W., Carlson, R.W., Renne, P.R., Cooper, K.M., Granger, D.E., McLean, N.M. 
and Schoene, B. (2018) Geochronology and Themochronology. John Wilery & 
Sons, West Sussex, UK.  
Rivera, T.A., Storey, M., Zeeden, C., Hilgen, F.J., Kuiper, K. (2011) A refined 
astronomically calibrated 40Ar/39Ar age for Fish Canyon sanidine. Earth and 
Planetary Science Letters 311, 420–426.  
Thomson, S.N., Gehrels, G.E., Ruiz, J. and Buchwaldt, R. (2012) Routine low-damage 
apatite U-Pb dating using laser ablation-multicollector-ICPMS. Geochemistry 
Geophysics Geosystems 13, 23.  
Wotzlaw, J.F., Schaltegger, U., Frick, D.A., Dungan, M.A., Gerdes, A. and Gunther, D. 
(2013) Tracking the evolution of large-volume silicic magma reservoirs from 
assembly to supereruption. Geology 41, 867–870. 
  272 
G
ra
in
L
en
g
th
 
(µ
m
)
W
id
th
 
(µ
m
)
L
:W
4
H
e 
p
it
 
v
o
lu
m
e 
(µ
m
3
)
er
ro
r 
(2
σ
)
4
H
e 
(n
m
o
le
/g
)
er
ro
r 
(2
σ
)
U
-T
h
-S
m
-P
b
 p
it
 
v
o
lu
m
e 
(µ
m
3
)a
er
ro
r 
  
 
(2
σ
)
2
3
8
U
 
(n
m
o
le
/g
)
er
ro
r 
  
(2
σ
)
2
3
2
T
h
 
(n
m
o
le
/g
)
er
ro
r 
  
(2
σ
)
1
4
7
S
m
 
(n
m
o
le
/g
)
er
ro
r 
  
(2
σ
)
2
3
2
T
h
/2
3
8
U
(U
-T
h
-S
m
)/
H
e 
D
at
e 
(M
a)
er
ro
r 
(2
σ
)
1
1
9
0
9
3
2
.0
4
3
6
3
4
.1
4
.9
4
.7
1
.7
1
0
2
7
3
0
3
5
0
6
7
.9
1
.3
2
8
8
2
0
1
6
1
1
1
4
.2
4
2
7
1
0
2
1
4
5
9
7
1
.4
9
1
1
0
8
3
4
2
3
.8
1
0
.9
3
1
7
7
4
0
0
1
1
0
0
6
1
.2
1
.2
2
4
0
1
7
1
7
1
1
2
3
.9
2
2
5
.2
6
.2
3
1
3
2
1
1
1
1
.1
8
1
1
4
6
7
4
0
4
.1
1
.0
1
8
1
0
0
0
1
4
0
0
5
8
.2
1
.3
2
2
4
1
6
1
2
3
.2
8
.6
3
.8
4
2
8
.7
7
.4
4
1
7
8
1
7
3
1
.0
3
3
1
2
3
0
2
8
0
3
.4
9
0
.4
0
3
2
0
5
0
0
4
5
0
0
5
7
.7
1
.4
2
3
3
1
6
1
2
6
.3
9
.0
4
.0
3
2
4
.1
2
.9
5
1
6
7
1
1
8
1
.4
2
1
9
6
9
7
4
9
4
.6
1
0
.5
3
2
0
7
0
0
0
1
6
0
0
6
5
.5
1
.3
2
6
1
1
8
1
4
3
1
0
3
.9
8
2
8
.3
3
.4
6
2
0
3
1
3
7
1
.4
9
4
1
0
7
0
2
1
0
4
.0
1
0
.3
4
3
2
7
6
0
0
4
6
0
0
5
6
.4
1
.4
2
1
5
1
5
1
3
6
1
0
3
.8
2
2
9
.1
2
.7
7
5
1
0
1
4
4
3
.5
3
4
2
9
0
0
3
5
0
3
.9
3
0
.3
4
3
2
9
3
0
0
2
5
0
0
5
5
.3
1
.1
2
2
1
1
5
1
2
5
.6
8
.8
3
.9
9
2
8
.4
2
.7
8
2
6
2
1
2
8
2
.0
5
1
9
8
2
4
5
6
4
.3
0
0
.4
9
2
0
4
5
0
0
1
0
0
0
5
3
.2
1
.0
2
2
3
1
5
1
1
4
.8
8
.0
4
.2
0
3
1
.6
3
.8
9
2
2
0
1
3
6
1
.6
2
3
9
5
8
0
2
7
0
3
.5
0
0
.1
9
3
3
0
9
0
0
4
6
0
0
4
7
.0
1
.2
1
8
4
1
3
1
1
5
.2
8
.2
3
.9
2
3
0
.1
1
.9
1
0
1
7
0
1
5
0
1
.1
3
4
1
0
1
0
1
9
0
3
.8
2
0
.3
1
3
3
0
1
0
0
4
2
0
0
5
6
.4
1
.3
2
3
3
1
6
1
3
0
.0
9
.2
4
.1
4
2
6
.7
2
.4
1
1
2
2
2
1
2
5
1
.7
7
1
9
0
0
3
2
9
4
.0
2
0
.5
9
2
1
0
2
0
0
1
0
0
0
5
3
.3
1
.0
2
1
6
1
5
1
2
0
.0
8
.4
4
.0
6
3
0
.0
4
.6
1
2
1
9
6
1
1
3
1
.7
4
1
8
2
0
4
3
9
4
.0
1
0
.4
6
2
0
5
7
0
0
1
6
0
0
5
1
.2
1
.0
2
0
7
1
4
1
1
3
.1
7
.9
4
.0
5
3
1
.2
3
.8
1
3
2
2
6
1
0
6
2
.1
3
1
8
6
1
2
4
4
5
.4
4
0
.7
1
1
9
8
7
1
0
8
3
0
8
2
.3
1
.6
3
3
9
2
3
1
3
8
1
0
4
.1
2
2
6
.2
3
.5
1
4
1
6
3
1
1
2
1
.4
6
1
8
4
5
7
2
0
5
.8
6
0
.6
5
2
0
5
8
0
0
1
1
0
0
7
4
.7
1
.4
3
1
8
2
2
1
3
5
.1
9
.4
4
.2
6
3
0
.5
3
.6
1
5
1
9
6
1
4
4
1
.3
6
4
0
6
2
0
2
2
0
3
.9
3
0
.3
6
3
2
7
7
0
0
4
1
0
0
5
8
.0
1
.4
2
4
1
1
7
1
2
3
.9
8
.7
4
.1
6
2
6
.7
2
.7
1
6
2
2
5
1
6
0
1
.4
1
4
3
6
8
0
3
0
0
3
.9
5
0
.2
9
3
3
2
7
0
0
5
5
0
0
6
0
.8
1
.6
2
5
6
1
8
1
4
2
1
0
4
.2
0
2
5
.4
2
.1
1
7
2
2
1
1
3
2
1
.6
7
4
2
4
8
0
3
4
0
3
.3
0
0
.2
5
2
1
1
3
0
0
1
5
0
0
4
9
.3
1
.0
1
8
3
1
3
1
1
1
.9
7
.8
3
.7
0
2
7
.8
2
.3
1
8
2
4
8
1
9
4
1
.2
8
4
1
6
8
0
2
3
0
4
.2
6
0
.2
6
3
3
0
2
0
0
5
5
0
0
6
1
.2
1
.7
2
6
6
1
9
1
4
0
1
0
4
.3
4
2
6
.8
1
.9
1
9
2
5
0
1
5
9
1
.5
7
1
8
5
9
4
6
4
4
.3
8
0
.6
5
1
9
9
9
0
0
1
3
0
0
5
5
.4
1
.1
2
2
9
1
6
1
2
1
.4
8
.5
4
.1
4
3
1
.2
4
.8
2
0
4
2
6
1
2
4
3
.4
3
3
9
5
8
0
2
5
0
3
.9
7
0
.3
2
3
2
4
4
0
0
3
9
0
0
5
3
.3
1
.3
2
1
3
1
5
1
1
8
.2
8
.4
4
.0
0
2
9
.9
2
.6
2
1
5
9
4
1
1
9
4
.9
9
4
0
4
7
0
2
6
0
3
.7
2
0
.3
0
3
3
1
3
0
0
4
9
0
0
5
1
.1
1
.3
2
1
3
1
5
1
2
2
.4
8
.7
4
.1
6
2
8
.6
2
.5
2
2
3
3
0
1
8
1
1
.8
2
4
0
0
0
0
3
7
0
4
.6
0
0
.3
0
3
2
7
7
0
0
4
4
0
0
6
5
.7
1
.7
2
6
1
1
9
1
4
0
1
0
3
.9
7
2
8
.2
2
.1
2
3
2
0
9
1
4
5
1
.4
4
4
0
2
6
0
2
8
0
4
.4
9
0
.3
4
3
3
0
1
0
0
5
1
0
0
7
0
.1
1
.9
2
9
9
2
1
1
5
3
1
1
4
.2
7
2
4
.9
2
.1
2
4
2
9
2
1
8
1
1
.6
2
4
0
0
1
0
3
3
0
4
.5
3
0
.2
7
3
2
0
8
0
0
4
3
0
0
6
7
.6
1
.7
2
9
5
2
1
1
5
8
1
1
4
.3
6
2
5
.7
1
.8
2
5
4
5
0
1
6
4
2
.7
4
4
0
0
4
0
2
1
0
3
.8
9
0
.2
5
3
2
9
1
0
0
6
2
0
0
6
2
.4
1
.8
2
5
7
1
9
1
4
0
1
0
4
.1
2
2
4
.6
1
.9
2
6
3
1
6
1
3
7
2
.3
1
4
1
3
8
0
3
8
0
4
.0
7
0
.2
9
3
6
1
6
0
0
5
0
0
0
5
7
.8
1
.5
2
3
2
1
7
1
2
6
.1
9
.0
4
.0
2
2
8
.1
2
.3
2
7
.4
0
 ±
 0
.8
1
  
2
σ
M
S
W
D
2
.4
D
is
p
er
si
o
n
1
5
.4
%
a  
W
h
en
 c
al
cu
la
ti
n
g
 p
a
re
n
t 
is
o
to
p
e
 c
o
n
ce
n
tr
at
io
n
s,
 w
e 
su
b
tr
ac
t 
th
e 
v
o
lu
m
e 
o
f 
th
e 
p
re
v
io
u
sl
y
 a
b
la
te
d
 4
H
e 
p
it
 f
ro
m
 t
h
e 
U
-T
h
-S
m
 p
it
. 
T
ab
le
 B
.1
(U
-T
h
-S
m
)/
H
e 
d
at
es
 b
y
 L
A
D
D
 o
f 
F
is
h
 C
a
n
y
o
n
 t
u
ff
 a
p
at
it
e.
 I
n
v
e
rs
e-
V
ar
ia
n
c
e 
W
ei
g
h
te
d
 M
ea
n
 b
b
 T
h
e 
(U
-T
h
-S
m
)/
H
e 
w
ei
g
h
te
d
 m
ea
n
 u
n
c
er
ta
in
ty
 w
as
 e
x
p
an
d
e
d
 b
y
 m
u
lt
ip
ly
in
g
 b
y
 t
h
e 
sq
u
ar
e 
ro
o
t 
o
f 
M
S
W
D
.
  273 
APPENDIX C 
CHAPTER 5 SUPPLEMENTARY MATERIALS
  274 
1. Laser ablation (U-Th)/He and U/Pb dates from detrital zircon 
The detrital zircon U/Pb and (U-Th)/He dates incorporated into this manuscript 
are presented in greater detail by Horne and coworkers (in preparation), but are reviewed 
here for the benefit of the reader. All analyses were performed in Group 18 Laboratories 
at Arizona State University.   
1.1 Analytical Methods 
Since laser ablation double dating (LADD) of zircon was carried out following 
laboratory protocols similar to those for detrital apatite LADD described in the main text, 
here we note only note key differences in the employed methodology. For a more 
detailed description of LADD procedures for dating zircon, we refer the reader to the 
original proof-of-concept study published by Horne and coworkers (2016).  
Detrital zircons were picked under a binocular microscope from the same mineral 
separates described in the main text. Zircons > 50 µm in diameter from each detrital 
sample were mounted and polished as described in the main text. For He isotopic 
analyses, material was extracted from pits either 15 or 25 µm in diameter (depending on 
crystal width), and approximately 5 µm deep. For U, Th, and Pb analyses, the laser 
footprint was adjusted to ablate a pit 40 µm wider and approximately 20 µm deeper than 
the He pits. Analyses of 91500 (1065 Ma; Wiedenbeck et al., 1995) and Plešovice zircon 
(337.13 ± 0.37 Ma ; Sláma et al., 2008) were spliced throughout the analytical routine as 
isotopic ratio standards. Zircons from the Fish Canyon tuff (28.3 ± 3.1 Ma; Dobson et al., 
2008) were used as secondary age standards and analyses of ‘SynZircon’ (Horne et al., 
2016) were used to ensure accurate calculations of U and Th concentration in the 
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unknowns. U/Pb dates were calculated using the U-Pb Geochronology data reduction 
scheme included in the Iolite software package (Paton et al., 2011). Due to the low 
fractional common Pb in the crystals, no common Pb corrections were implemented.  
2. Detrital zircon U/Pb and (U-Th)/He dates 
2.1 Tuttle Creek 
Eighty-seven zircon crystals from the detrital sample collected at the bottom of 
the Tuttle Creek catchment yielded 238U/206Pb (ZrnPb) dates ranging from 83.0 ± 3.8 Ma 
to 168.4 ± 7.6 Ma (Table C1). Approximately 80 % of the ZrnPb dates calculated were 
between 83.0 and 87.2 Ma. When treated as a sub-population, these data yielded an 
inverse variance-weighted mean apparent age of 85.42 ± 0.46 Ma (mean squared 
weighted deviation (MSWD): 0.28).  
The same crystals yielded (U-Th)/He zircon (ZrnHe) dates between 40.3 ± 1.8 Ma 
to 88.1 ± 5.3 Ma. The principal mode (described further in the main text) was calculated 
to be 71.0 ± 9.6 Ma for the Tuttle Creek ZrnHe dataset. 
As previous studies indicate that radiation damage may influence helium 
diffusivity in zircon (Guenthner et al., 2013; Ketcham et al., 2013; Anderson et al., 2017), 
estimates for the effective uranium (eU) concentration in each crystal were calculated, 
where eU = 0.235[Th (ppm)] + [U (ppm)]. However, there was no significant correlation 
between eU and ZrnHe date for the Tuttle Creek detrital zircon crystals.  
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2.2 Olancha Pass 
Eighty-two zircons from the Olancha Pass detrital sample yielded substantially 
older ZrnPb dates. The most significant population represented about 37% of the dates 
and had an inverse variance-weighted mean ZrnPb date of 164.45 ± 0.32 Ma (n = 30; 
MSWD = 1.52). A secondary mode, composed of eleven dates, yielded an inverse 
variance-weighted mean of 100.3 ± 1.1 Ma (MSWD = 7.33). Several dates between these 
two modes could represent additional Early Cretaceous igneous bodies in the catchment.  
The detrital ZrnHe apparent ages for the Olancha Pass zircons ranged between 
47.2 ± 1.8 Ma and 96.2 ± 6.0 Ma, with a principal mode date of 64 ± 12 Ma, though there 
were two, potentially erroneous, apparent ages of 108.0 ± 5.6 Ma and 124.7 ± 1.6 Ma 
amongst the population. As with the Tuttle Creek zircons, there was no apparent 
correlation between estimated eU and ZrnHe age for the Olancha Pass grains. 
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